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Abstract
Since Mesozoic time, the western margin of North America has grown through the 
addition of tectonic terranes, transported atop the subducting paleo-Pacific oceanic plate.
The “Baja British Columbia” terrane model postulates accretion of the Insular superterrane 
at the latitude of southern Mexico and subsequent, margin-parallel translation north to 
juxtaposition with the western portion of the Intermontane superterrane. After 
amalgamation, the composite block continued north to its current location. The timing of 
the proposed translation has not bear well constrained. In the study area, the Okanogan 
Range batholith of the Intermontane superterrane’s Quesnellia terrane is juxt^sed with 
the sedimentary and volcanic deposits of the Insular superterrane’s Methow terrane across 
the Pasayten fault, the superterrane boundary. Deposited upon basement rocks of both 
superterranes are the Late Cretaceous non-marine conglomerate, sandstone and subordinate 
volcaniclastics of the Pipestone Canyon Formation. Based on geochemical comparisons 
between samples from the batholith and plutonic clasts from the formation, a significant 
proportion of the plutonic debris within Pipestone Canyon Formation strata is inferred to 
have been derived from the Okanogan Range batholith. The age of the formation, 
determined by palynology and a zircon fission-track date, is latest Campanian to early 
Maastrichtian. Therefore, the Pipestone Canyon Formation links the superterranes by 70 
Ma and constrains the timing of any northward translation of the Insular superterrane and 
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INTRODUCTION
Earth scientists generally agree that the North American Cordillera in southwest British 
Columbia and northern Washington is a collage of fault-bounded allochthonous terranes 
that have undergone varying degrees of deformation, metamorphism, and plutonism 
during Jurassic to Tertiary time (Wheeler and McFeely, 1992). This portion of the 
Cordillera developed through the progressive accretion of numerous, unrelated 
allochthonous terranes onto the western margin of ancestral North America during the 
Mesozoic and Cenozoic (Coney et aL, 1980, Monger et al., 1982, Monger, 1985, Sdberling 
and Jones, 1987). Each terrane is defined on the basis of a charactaistic internal 
stratigraphy that differs from that of neighboring terranes in ways that are not easily 
explained by conventional facies changes or unconformable relations (Coney et al., 1980). 
Subsequent to accretion, the terranes were variably deformed, intruded and 
metamorphosed. Original temporal and spatial relationships among terranes, including 
transport history and timing of accretion, are obscure.
Current debate on the geology of the western Cordillera centers on the tectonic setting, 
displacement history, and timing of accretion of the allochthonous toranes. Significant 
discrepancies exist regarding the initial paleogeographic positions of terranes against the 
edge of North America and the magnitude, in various models, of their possible south-to- 
north translation. In particular, models based mainly on geologic evidence differ 
significantly from those based primarily on geophysical evidence.
The geologic models are represented by three scenarios. The first case proposes the late 
Early Cretaceous collision of the Insular superterrane, with the previously accreted 
Quesnellia, Cache Creek, Slide Mountain and Stikinia terranes of the Intermontane
superterrane along the western edge of North America, within a few hundred kilometers of 
their present latitude (Figure 1 B) (Monger et al., 1982). Attendant with this model are the 
closure of the intervening ocean basin and creation of the Coast Mountains orogen 
(Monger et al., 1982, Carver, 1992, Brandon and Carver, 1994).
Scenario two makes the case for Late Jurassic oblique transpression and dextral translation 
of the far traveled and previously amalgamated Insular superterrane along the North 
American margin. Late Jurassic and Early Cretaceous subduction assemblages formed 
along the west flank of the superterrane in conjunction with adjacent arc magmatism 
(Southern Coast Belt) while transtensional rift basins formed on the superterrane’s east 
side. The apparent westward jump of the subduction zone is supported by the scarcity Late 
Jurassic-Early Cretaceous subduction-related units east of the supraterrane. The closure of 
the Cache Creek-Bridge River ocean and subsequent collapse of the easterly basins were 
followed by accretion to North America in the Late Cretaceous (Gehrels and Saleeby,
1985, Saleeby and Busby-Spera, 1992).
The third scenario proposes Middle Jurassic accretion of Insular superterrane to North 
America and formation of a long-lived, east-dipping subduction zone that produced an 
Andean-Sierran type continental arc. These processes were followed by Late Jurassic to 
late Early Cretaceous intra-arc rifting and basin formation (van der Heyden, 1992). 
Episodic magmatism and tectonism followed by Tertiary orogen-paraUel disruption then 
overprinted and obscured the earlier events.
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Figure 1. Tectonic overview. A. Present location of superterranes. B. Location of 
Insular and Intermontane superterranes at 74 Ma according to the minor translation 
geology-based model. C. Lx)cation of the Insular and Intermontane supeneiranes at 74 
Ma according to the paleomagnetism-based “Baja BC” model (Mahoney et al., 1999).
The geophysical model for accretion is based on paleomagnetic measurements (Beck and 
Noson. 1972, Beck, 1976, 1989, 1990, Irving etal., 1995. Irving and Thorkelson, 1990)
3
from locations on both the Insular and Intermontane superterranes (Figure 1 A). The 
apparent discordances between the present positions of the superterranes and their remnant 
magnetic signatures has led to the development of the "Baja British Columbia" (Baja BC) 
model. The Baja BC model (Figure 1 C) postulates continental accretion of the Insular 
superterrane at approximately the latitude of southern Mexico by 90 Ma. The Intermontane 
superterrane accreted farther north, its western two-thirds at the latitude of northern 
California and southern Oregon, its eastern third in British Columbia (Cowan et al., 1997). 
Between about 85 Ma and 70 Ma, Baja BC was translated north 1900 kilometers along a 
margin-parallel transform system, to juxtaposition with the southerly portion of the 
Intermontane block. Between 70 and 50 Ma, the now-sutured superterranes continued 
north another 1200 kilometers to their current positions. This last movement was via the 
Intra-Quesnellia fault, an as-yet undiscovered transform system postulated to exist between 
the western and the eastern portions of the Intermontane superterrane.
In Washington and southern British Columbia, the Pasayten fault delineates the boundary 
between the Intermontane and Insular superterranes (Figure 2). West of the fault lie the 
Jura-Cretaceous clastic and volcanic strata of the Methow terrane, part of the Insular 
superterrane's Coast Mountains Orogen. To its east is the Early Cretaceous Okanogan 
Range batholith of QuesneUia, part of the Intermontane superterrane (Cowan, 1994). If the 
accretion and terrane translation history envisioned by the Baja BC model are correct, then 
the Pasayten fault (Figure 2) accomodated approximately 1900 kilometers of northward 
Insular superterrane movement relative to the western portion of the Intermontane 
superterrane (Cowan et al., 1997) and constitutes a major, crustal-scale structure.
The principal discrepancy between the geologic and the Baja BC models is the amount of 
margin-parallel movement experienced by the accreted superterranes. The geologic 
scenarios enumerated above can accommodate up to several hundred kilometers of
4
displacement, but not the 2000 to 3000 kilometers since ealy Late Cretaceous required by 
the Baja BC model. The geologic models are incompatible with the geophysical model. 
Both points of view cannot be correct
Linkage between terranes may be demonstrated by stratigraphic overlap, pluton "stitching" 
or shared metamorphic isograds between terranes or provenance ties between terranes.
The establishment of linkages between the Intermontane and Insular superterranes is 
fundamental to any tectonic analysis of the evolution of the northwest Cordillera, and the
timing of those linkages is essential to determining the transport history of the terranes.
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Figure 2. Pasayten fault in relation to Intermontane and Insular superterrane boundary. 
After Wheeler and McFeeley, 1991.
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The Pipestone Canyon Formation consists of more than 430 m of Mesozoic, non-marine 
conglomerate, sandstone and minor shale that lie atop the east edge of the Methow terrane 
along the Pasayten fault Deposited upon basement rocks of both QuesneUia and Methow 
affinities, the strata of the Pipestone Canyon Formation present a unique opportunity to 
test the Baja BC hypothesis. If the formation’s age of deposition can be accurately 
established and if provenance ties between the Pipestone Canyon Formation west of the 
Pasayten fault and the Okanogan Range batholith east of the fault can be shown to exist, 
then movement associated with the Baja BC model will be constrained.
Research Objectives
The objectives of this investigation are to determine the precise age of the Pipestone 
Canyon Formation, to seek provenance links, and to interpret the tectonic framework of the 
area during the time of its deposition. The investigation involved research into the 
stratigraphy, sedimentology, and paleontology of the formation, and included geochemical 
analysis and isotopic age determination of both Pipestone Canyon Formation cobbles and 
boulders and samples of the Okanogan Range batholith. Specific questions addressed 
include:
• Can the age of the Pipestone Canyon Formation be more accurately constrained
than from the present interpretation of Paleocene?
• Did the Okanogan Range batholith provide clastic debris to the Pipestone Canyon
Formation?
If a provenance link between the Pipestone Canyon Formation and the QuesneUia terrane 
can be established in conjunction with an accurate determination of the formation’s age, a 
minimum date for the amalgamation of the Insular and Intermontane superterranes will be
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established and any subsequent, northward translation of the combined blocks along the 




The North Cascades of northern central Washington, a geologic subunit and southern 
termination of the Insular superterrane’s Southern Coast Belt province, is part of the 
Cretaceous orogen created during accretion of the Insular superterrane to the Intermontane 
superterrane. The western edge of the North Cascades is delineated by the Tertiary Straight 
Creek and Yalakom faults, west of which lie the Insular superterrane’s Alexanda- and 
Wrangallia terranes and the Southern Coast Belt’s northern extension into southeast Alaska 
(Figure 2). Along the North Cascade’s eastern edge, separated from the orogen and the 
sedimentary and volcanic strata of the Insular superterrane’s Methow terrane by the 
Pasayten and Fraser faults, lies the Intermontane superterrane, composed of QuesneUia, 
Stikinia, Slide Mountain and Cache Creek terranes. The study area of this investigation is 
along the southeastern edge of the Methow block, adjacent to and immediately west of the 
Pasayten fault (Figure 2).
Bounding Faults
Jurassic and Cretaceous sedimentary and volcanic rocks of the Methow terrane are 
separated from the amphibolite grade metamorphic and met^lutonic rocks of the North 
Cascades Metamorphic Core domain by the strands of the 200 km long Ross Lake fault 
zone. In Washington, the fault zone is composed of the Foggy Dew (Figure 3), North 
Creek, and Twisp River faults, and the Gabrial Peak tectonic zone. North of the 
international border the zone merges with the Fraser-Straight Creek fault The Ross Lake
8
Figures, Geology of the southern Methow terrane near Twisp, W A. Modified from 
Haugerud et al., 1996.
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fault zone has experienced pre-90 Ma movement of unknown sense of slip (Misch, 1966, 
Miller, 1993) and latest Cretaceous and Paleocene dextral and normal, east-side-down slip 
(Haugerud, 1985, Miller and Bowring, 1990, Coleman and Parrish, 1991). The magnitude 
of the dextral slip on the fault zone is subject to debate. McGroder (1987) suggested 
hundreds of kilometers of slip, whereas Kriens and Wernicke (1990) argued for minimal 
separation. Fault zone movement ended by 48 Ma with the intrusion of the Cooper 
Mountain batholith into the trace of the fault
The northeast margin of the Methow terrane is the Pasayten fault, which separates Lower 
Cretaceous plutonic rocks of the Okanogan Range batholith in Washington (Figure 3 ) and 
the batholith's volcanic carapace in British Columbia, the Spences Bridge Group arc, from 
the Methow terrane’s Jurassic-Cretaceous strata. Extending more than 250 km from north 
central Washington into British Columbia (Lawrence, 1978), the Pasayten fault strikes 
northwest (Figure 2) and eventually merges into the trend of the Fraser fault system. The 
Pasayten fault shows evidence of both Cretaceous ductile and Eocene brittle deformation 
(Grieg, 1992, Haugerud, 1996). Pasayten fault history is undocumented between 80 and 
60 Ma, the interval postulated for northward translation of the Insular superterrane to 
juxtaposition against the Intermontane superterrane (Hurlow, 1993). At its southern end a 
few kilometers east of Twisp, the Pasayten fault disappears as a mappable structure into 
rocks of the Okanogan Range batholith (Figure 3).
Between Beaver Creek and the middle Eocene Cooper Mountain batholith to the 
southwest, the west-directed Methow River thrust fault and the high-angle, north-striking 
Vinegar fault (Figure 3) separate the Methow terrane from Okanogan batholith units 
(Hurlow, 1993). Methow rocks are absent south of the Cooper Mountain batholith 
(Haugerud et al., 1996).
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Methow Terrane Stratigraphy
McGroder (1989) divided the Methow terrane into northern and southern subterranes 
based on the absence of portions of the Methow stratigraphy south of Winthrop WA. In 
the northern subterrane in British Columbia, Middle to Upper Jurassic volcanic arc rocks 
and associated volcaniclastic strata of the Ladner Group comprise the basal Methow unit 
Unconformably above these rocks are Lower Cretaceous shallow marine elastics of the 
Jackass Mountain Group which, in turn, are unconformably overlain by the Lower to 
Upper Cretaceous, marine-to-fluvial Pasayten Group (Figure 4). On the Methow terrane’s 
southern portion, the volcanic and volcaniclastic rocks of the Twisp Formation (Barksdale, 
1975) of the Middle(?) and Upper Jurassic Newby Group (Mahoney et al., 1996) form the 
regional Methow basement (Figure 4). Jackass Mountain Group rocks are absait in the 
southern subterrane. Paleocurrent measurements indicate source areas for all the volcanic 
and sedimentary units listed above were to the east (Barksdale, 1975, Tennyson, 1974).
Unconformably above the Newby Group is the fluvial and marine lower Albian Patterson 
Lake conglomerate (Barksdale, 1975). Unconformably above the Patterson Lake unit are 
the Albian to Turonian rocks of the Pasayten Group (Figure 4) (McGroder et al., 1990). 
Pasayten Group units include shallow-marine to fluvial argillite, sandstone and chert- 
pd)ble-rich, pebble and cobble conglomerate of the Albian Virginian Ridge Formation 
(Tennyson, 1974, Trexler, 1985). Trexler (1985) proposed the Patterson Lake 
conglomerate to be the initial phase of deposition of the Virginian Ridge Formation. 
Transport direction of Virginian Ridge Formation sediments was from the west (Trexler, 
1985).
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Figure 4. Methow tarane stratigraphic correlation chart of northern and southern 





Interfingering with the uppermost strata and then over-topping the Virginian Ridge 
formation is the fluvial, quartzo-feldspathic sandstone and subordinate volcaniclastic beds 
of the late Albian Winthrop Formation, which derive from an eastern source region. 
Winthrop Formation deposition was followed by the andesitic volcanic rocks, silts tone and 
chert-lithic conglomerate of the Cenomanian to Turonian Midnight Peak Formation 
(Barksdale, 1975). The Midnight Peak Formation is interpreted to be from a local source.
The Pipestone Canyon Formation, the subject of this study, was deposited unconformably 
upon the Methow terrane’s southom block, along its eastern edge, during the Late 
Cretaceous-early Paleogene interval and represents the youngest formation of the Methow 
terrane stratigraphy (Barksdale, 1975).
Quesnellia Terrane
The Intermontane superterrane is composed of several subordinate, allochthonous blocks 
that amalgamated before final accretion to North America (Monger et al., 1982). In north 
central Washington, the Quesnellia terrane forms the western margin of the Intermontane 
superterrane and abuts the Insular superterrane’s Methow terrane along the Pasayten fault 
Quesnellia is composed of upper Paleozoic carbonates. Upper Triassic volcanics, and 
Lower and Middle Jurassic fine-grained elastics (Monger et al., 1982). The superterrane’s 
southwestern edge is a long-lived continental arc. In southern British Columbia the arc 
includes the Triassic(?) ML Lytton Plutonic Complex, locally cut by Triassic-Jurassic 
plutons. The ML Lytton complex may constitute the deeper structural root to the Triassic 
Nicola volcanic arc to the east (Monger, 1985). Other constituents of the arc include the 
Middle Jurassic, tonalite and gneissic tonalite of the Eagle Plutonic Complex, the late 
Bathonian foliated, hornblende quartz diorite of the Zoa Complex, the late Aptian Fallslake 
Plutonic Suite and the Aptian to Albian Spaices Bridge Group intrusive and volcanic
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rocks (Grieg, 1992). Each of these igneous units is bounded to the west by the Pasayten 
fault
In British Columbia, the Spences Bridge Group is involved in the 200 km-long, 
northwest-trending Nicoamen syncline (Monger, 1985). Workers have divided the Group 
into the lower, basalt and rhyoUte-rich Pimainus Formation and an upper, andesite- 
dominated Spius Formation. The 2400 m-thick section of the Pimainus Formation is 
composed of basalt to rhyolite flows, intercalated with pyroclastic and epiclastic sediments 
(Thorkelson, 1985). Palynomorphs and fossil plants from the unit are late Albian 
(Thorkelson and Rouse, 1989), and a U-Pb zircon age from a Pimainus Formation rhyolite 
yielded an age of 104.5± 0.3 Ma (Irving and Thorkelson, 1990). The Pimainus Formation 
is interpreted to have been extruded and deposited in a terrestrial, extensional tectonic 
regime, probably as a series of coalescing stratovolcanoes and fluvial-lacustrine deposits 
(Thorkelson, 1986). Unlike the Pimainus Formation, which occurs throughout the length 
of the arc, the Spius Formation is concentrated near the center of the linear belt About 
1000 m thick, the Spius Formation features thick, homogeneous andesite flows and is 
interpreted as extrusion on a large, subaerial shield volcano (Thorkelson and Smith, 1989). 
The Spences Bridge volcanics are deformed by the north-northwest-trending and plunging 
Nicoamen syncline (Monger, 1985).
In Washington, the Okanogan Range batholith, separated from the Methow terrane by the 
Pasayten fault, is the southern continuation of the Spences Bridge Group arc, and 
represents the arc’s intrusive “root” (Thorkelson and Smith, 1989). The bathoHthis 
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The plutons range from orthogneiss to structureless biotite trondhjemite, biotite 
granodiorite and biotite-homblende tonalite (Hawkins, 1968, Menzer, 1970, 1983, Stoffel 
et al., 1991, Todd, 1992 and 1995). Based on U-Pb zircon analyses by Hurlow and 
Nelson (1993), the age of the Okanogan Range batholith is early to late Aptian, 114-111 
Ma. Along strike in British Columbia, the Eagle Plutonic Complex’s FaUslake Plutonic 
Suite produced a zircon U-Pb age of 110.5 ± 2 Ma, indicating contemporaneous intrusive 
activity north of the border (Grieg et al., 1992).
Based on cross-cutting relations, Todd (1992), suggested an intrusion sequence, from 
oldest to youngest, of Tiffany Mountain pluton, Eightmile Creek pluton. Lamb Butte 
pluton, border mylonitic phase, and Doe Mountain pluton. An extended description and 
discussion of the different phases of the batholith will occur in the “Provenance” section of 
this study.
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THE PIPESTONE CANYON FORMATION
Structural Setting of the Pipestone Canyon Formation
The Pipestone Canyon Formation is exposed between Bear Creek and Beaver Creek at the 
southeastern edge of the Methow terrane, astride the terrane's eastern boundary with 
Quesnellia (Plate 1). The eastern limit of the formation is the mapped trace of the Pasayten 
fault, and the western limit is an unconformable contact with the underlying Jurassic 
volcanic rocks. The formation is divided into two blocks, the Bonner Lake member and 
the Campbell Lake member, by the Fuzzy Canyon fault (Plate 1). The members differ in 
terms of their internal stratigraphy and the nature of their underlying basement, but have 
similar lithologic composition and depositional architecture (Plate 2),
The Pasayten fault, as mapped by Ryason (1959), Barksdale (1975), and Kriens et aL 
(1995), is the eastern margin of the Pipestone Canyon Formation. The fault may be traced 
from north of the International border to immediately north of Pipestone Canyon as a 
major structural discontinuity, separating sub-greenschist-facies rocks of the Methow 
terrane from plutonic rocks of the Okanogan Range batholith. The latest documented 
motion on the Pasayten fault south of the International border is post-87 Ma, down-to-the- 
west normal displacement (Haugerud et al., 1996). In the vicinity of Pipestone Canyon the 
fault separates sedimentary strata of the Pipestone Canyon Formation to the west from 
plutonic rocks of the Okanogan Range batholith to the east In this area the nature of the 
Pasaytei fault is enigmatic as it is not exposed adjacent to the Pipestone Canyon 
Formation, though its trace has been inferred from outcrop pattern. The Pasayten fault is 
interpreted as a down-to-the-west normal structure (Hurlow, 1993). This assessment is 
supported by the moderately tilted (15 to 20°), homoclinal, northeast-dipping Pipestone 
Canyon Formation beds, which suggest down-to-the-east block-rotation in the hanging
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wall of a west-dipping normal fault Southeast of Pipestone Canyon, the Pasayten fault has 
been mapped as either a high-angle normal or reverse fault forming the boundary between 
plutonic rocks of the Okanogan Range batholith and metamorphic rocks of the Frazer 
Creek Complex (Bunning et al., 1990, Hurlow, 1993, Kriens et al., 1995).
Recent mapping immediately south of the Pipestone Canyon Formation and west of the 
mapped trace of the Pasayten fault (Haugerud and Mahoney, pers. comm., 1997) 
demonstrates that plutonic rocks of the Okanogan Range batholith intrude the plutonic and 
metamorphic units of the Frazer Creek Complex. This relationship argues strongly that 
southeast of Pipestone Canyon, displacement along the mapped Pasayten fault is minimal 
or nonexistent The intrusive relationship demonstrates that the Frazer Complex is country 
rock to the batholith, and as such, is part of Quesnellia and the Intomontane superterrane. 
The Pasayten fault, if defined as the bounding structure between the Intermontane 
superterrane and the Methow terrane, diverges approximately 5 km northwest of Pipestone 
Canyon from its mapped trace and becomes the Fuzzy Canyon fault which separates the 
Frazer Creek Complex meta-igneous units on the east, from tiie volcanic rocks of the 
Methow terrane’s Newby Group to the west (Plate 1, Plate 2).
Previous Work
Barksdale (1948) named the Pipestone Canyon Formation for outcrops of chert-, volcanic- 
and granitoid-clast bearing conglomerate, sandstone, and shale exposed at Pipestone 
Canyon, a south-trending. Pleistocene glacial melt-water channel cut between the Bear 
Creek and Beaver Creek drainage systems (Plate 1). Ryason mapped the area and 
described the stratigraphy and structure of the formation. He concluded that the formation 
had been deposited unconformably upon a basement of volcanic rocks of the Newby 
Group and Okanogan Complex igneous intrusive units. Ryason determined that the
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formation had been folded about north-northwest-trending fold axes and had been cut by 
both the Pasayten fault and other, local, high-angle faults. On the basis of petrography and 
sedimentary structures, Ryason postulated a fluvial, mountain-front piedmont environment 
with deposition by high-energy mountain streams from a source area to the east, within 
the Okanogan Complex (Ryason, 1959). Ryason estimated the formation’s age from plant 
fossils as Late Cretaceous to Paleocene. Royse (1965) proposed a Paleocene age for the 
formation based on his analysis of an assemblage of fossil leaves, needles and cones from 
beds near the middle of the sedimentary sequence. (Figure 14 shows examples of the 
paleoflora collected from that locale during this study.) To account for the variable dips in 
the formation's beds, McGroder (1988) and Hazard et al. (1990) suggested that normal 
faulting along the Pasayten fault caused fault-block rotation. Kriens et al. (1995) 
investigated the structural history of the Pipestone Canyon Formation and concluded the 
unit had undergone two periods of shortening, an early episode between 110 and 88 Ma 
and a more recent event, between 65 and 47 Ma. Recent investigation discounts this 
interpretation and suggests that the formation's internal structures are the result of high- 
angle normal faulting, and that the tectonic regime at the time of deposition was probably 
one of extension rather than compression (Haugerud, personal communication, 1997).
Areal Distribution
The Pipestone Canyon Formation is bounded on the west and north by Newby Group 
volcartic and clastic rocks, to the south by both Newby volcanic rocks and Frazer Complex 
meta-igneous units. The formation’s eastern boundary is the mapped trace of the Pasayten 
fault The formation covers approximately 23 square kilometers and is separated by the 
north-trending Fuzzy Canyon fault into two informal members, the Campbell Lake 
member on the east deposited upon Frazer Creek Complex rocks of QuesneUia, and the
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Bonner Lake member to the west, atop Newby Group volcanic rocks of the Methow 
terrane (Plate 1).
Members of the Pipestone Canyon Formation
The informally named Bonner Lake member is located west of the Fuzzy Canyon fault and 
is composed of 140 m of boulder and cobble conglomerate and subordinate sandstone 
deposited in angular unconformity upon aphyric rhyolite of the Newby Group. The 
Bonner Lake member conglomerate is matrix- to clast-supported, and is composed of 
leucocratic plutonic and felsic volcanic boulders, cobbles, and pebbles. The member has a 
small proportion of chert clasts (< 4%) though it contains abundant, chert-lithic arenite.
The Campbell Lake member is east of the Fuzzy Canyon fault, consists of more than 440 
m of matrix- to clast-supported, boulder, cobble and pebble conglomerate with subordinate 
amounts of sandstone and shale, and is best exposed in the steep sides of Pipestone 
Canyon. The Campbell Lake member is also deposited on an angular unconformity, but 
atop the biotite-homblende quartz diorite of Barksdale’s (1975) Frazer Creek Complex 
(Plate 2). The Campbell Lake memba" includes a basal, boulder conglomerate composed 
exclusively of leucocratic, quartz- and biotite-bearing plutonic boulders and cobbles, 
supported in a matrix of coarse-grained, quartzo-feldspathic, chert-lithic arenite. The 
boulder conglomerate is conformably overlain by a 40 m-thickness of quartzo-feldspathic, 
chert-hthic wacke. The wacke is in turn covered by 330 m of cobble-to-pebble, volcanic, 
plutonic and chert-lithic conglomerate and pebble sandstone. Campbell Lake member clasts 
decrease in size above the wacke section, from cobbles to pdibles. The proportion of 
plutonic clasts decrease up-section and the amount of chert clasts increase. In die upper 
third of the member, chert pebbles become the most numerous clast type (Appendix A).
A point of significance to note is the presence in both formation members of large
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Along the western margin of the Pipestone Canyon Formation, the Bonner Lake member 
lies unconformably upon volcanic rocks of the Late Jurassic (Tithonian) Newby Group 
(Plate 1). In the study area, the Newby Group consists of greenschist-facies andesite.
laumontitic andesite, and andesitic breccia, ova-lain by a thin stratum of orange-weathering.
Figure 6. Contact of the Bonner Lake member boulder and cobble conglomerate
lithofacies with underlying Newby Group rhyolite, on the west side of HiU 2865. 
Largest clast is 1.2 m.
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The sub-Bonner Lake member rhyolite thins from a maximum thickness of about 3 m at 
the north end of Hill 2865 (Plate 1,5363000 N., 713000 E.) to CTOsional truncation 
baieath Bonner Lake member conglomerate at the ridge’s southern end. Uranium-lead 
analysis of a zircon from a Newby Group dike immediately beneath the unconformity 
yielded an age of 152.8+ 0.9 Ma (Friedman, pa's. comm. 1996).
Rhyolite similar in appearance hes beneath Bonner Lake member conglomerate southeast 
of Bonner Lake (Road Section). Newby Group flows, tuffs, and breccias represent the 
easternmost exposure of an extensive, Late Jurassic volcanic succession that forms the 
base of the southern Methow terrane (Haugerud et al., 1996).
Campbell Lake Member
The Campbell Lake member lies nonconform ably above medium- to coarse-grained biotite 
tonalite gneiss, fine-to medium-grained fohated biotite quartz diorite, and hornblende 
diorite of the Frazer Creek Complex (Barksdale, 1975). Gneissic rocks directly beneath the 
unconformity yield hornblende K-Ar closure dates between 139 and 130 Ma and biotite 
K-Ar ages of between 107 to 103 Ma (Banning et al., 1990, Mahoney et al., 1996). At the
southern end of Pipestone Canyon, the Campbell Lake member appears to on-lap the 
hornblende diorite basement of the canyon’s sides, a relationship that suggests a buttress 
unconformity. Basement rocks beneath the contact exhibit limonite staining, concretions, 
and boxwork.
The Frazer Creek Complex has traditionally been considered part of the Methow tarane 
because it is west of the mapped trace of the Pasayten fault and differs in age and structural 
style from the Aptian-Albian Okanogan Range batholith (Barksdale, 1975). Recent 
mapping has documented both foliated and nonfoliated hornblende, biotite tonalite and 
biotite granodiorite intruding rocks of the Frazer Creek Complex (Haugerud and Mahoney,
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pers. comm., 1997). The intruding rocks are very similar in appearance to plutonic phases 
of the Okanogan Range batholith immediately to the east of the Pasayten fault and are 
intspreted to be outliers of the Okanogan Range batholith, intrusive into the Frazer Creek 
Complex (Haugerud and Mahoney, pers comm. 1997). A U-Pb zircon age of 152.8±1.6 
Ma for a sample of the biotite granodiorite has been established (Mahoney and Haugerud, 
1999). This interpretation suggests that the Frazer Creek Complex represents a Upper 
Jurassic metamorphic-plutonic complex that was intruded by the Lower Cretaceous 
Okanogan Range batholith. As such, the Frazer Creek Complex should be considered part 
of the Quesnellia terrane of the Intermontane superterrane, and not part of the Methow 
terrane of Insular superterrane affinity.
If the preceeding appraisal is correct, the boundary between the Methow terrane and 
Quesnellia must correspond to the boundary between the two members of the Pipestone 
Canyon Formation, the Fuzzy Canyon fault However, the Fuzzy Canyon fault cannot be 
traced south of Wolf Canyon (Plate 1,718.9 E , 5364.5 N), where it ^parently dies out in 
the Frazer Creek Complex and Okanogan Range batholith igneous units. Although 
exposure in the area south and west of Wolf Canyon is poor, foliated and nonfoliated 
plutonic and metamorphic rocks extend across the entire map area, indicating the Fuzzy 
Canyon fault is not a major structural boundary in the southern portion of the Pipestone 
Canyon area. In the southwestern portion of the study area, south of Bonner Lake (Plate 
1), the contact between the Newby Group and the Frazer Creek Complex is poorly exposed 
but is marked by a zone of intense alteration, leaching, sihcification, and bleaching of 
andesitic volcanic rocks (Barksdale, 1975, Bunning etal., 1990).
The Pipestone Canyon Formation overlies rocks of both the Okanogan Range batholith of 
the Intermontane superterrane (if Frazer Creek Complex is agreed to belong to Quesnellia), 
and the Newby Group of the Methow terrane, a component of the Insular superterrane. As
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such, the formation’s members constitute a link between the superterranes. Determining 
the age of Pipestone Canyon Formation deposition and establishing provenance ties 
between the rocks of the Pipestone Canyon Formation and Quesnellia will constrain the 
timing of terrane juxtapositon.
Measured Sections
Four measured stratigraphic sections of the Pipestone Canyon Formation are shown in 
Plate 2.
Bonner Lake Member
Approximately 3 km west, on the west side of the north-trending Fuzzy Canyon fault, 
Section 2865 and Road Section represent the informally named Bonner Lake member of 
the Pipestone Canyon Formation (Plate 2).
Section 2865
The section is named for the highest point of the prominent, northwest trending ridge, 3 
km north of Twisp (Plate 1, 713800 E, 536900 N) which separates the valley of the 
Methow River from the Bonner Lake drainage. The base of Section 2865 was deposited 
nonconformably on aphyric Newby Group rhyolite. Section 2865 dips to the northeast 
between 20 to 30° and is a polymict boulder conglomerate. The section is 140 m thick and 
its top is the modem erosion surface of the ridge. Three pebble counts were conducted on 
this section (Plate 2, Appendix A, Pebble Counts 12, 14, and 13) and thin-sections were 
produced from the sandstone interbeds and conglomerate matrix (Appendix A, 177JP96, 
350JP97,362JP97). Section 2865 is limited to the boulder conglomerate lithofacies with 
minor and subordinate beds of intra-conglomerate sandstone. Lithologic composition of 
the section changes from equal proportions of felsic volcanic and leucocratic plutonic rocks
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at the base, to a composition of 75 percent plutonic to 25 percent volcanic clasts at the 
section’s top. Chert clasts comprise no more than 3 or 4 percent of the cobbles and 
pebbles but constitute up to 56 percent of the sand.
Road Section
The Road Section (Plate 1,7156(X) E, 5364(XX) N) is exposed in the cut-bank of an access 
road that intersects Balky Hill Road from the south, 0.75 km southeast of Bonner Lake. 
The Road Section (Plate 2) dips 25 to 30° northeast, is 51 m thick, and is composed of 
the same boulder conglomerate Hthofacies as Section 2865 . The base of the section is 
covered, but Newby Group rhyolite is exposed in the road cut of the Balky Hill Road 
down-section, approximately 35 m to the southwest The top of the section is the modem 
erosion surface. One pebble-count was conducted on this section (Plate 2, Appendix A, 
Pebble Count 11). lithologic composition of the conglomerate is approximately 60 
percent volcanic, 40 percent plutonic clasts.
Bonner Lake Member Volcanic Interbeds
Volcanic tuff and volcaniclastic sediments are exposed on the ridge east of Bonner Lake. 
West of the lake on the east side of Hill 2865, Bonner Lake member boulder conglomerate 
appears to be interbedded with orange-weathered, volcanic breccia Basalt or basaltic 
andesite is exposed on the interfluve between the southern-most portion of Pipestone 
Canyon and the Balky Hill Road (Plate 1, 715500-7177(X) E, 5363500-5366300 N)), at or 
near the top of the Bonner Lake member. None of these volcanic units was examined in 
detail during this investigation.
Campbell Lake Member
At the formation's type locality in Pipestone Canyon, Section 3298 and Section 3355 
(Plate 1, Plate 2) comprise the canyon's east and west sides respectively and together make
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up the formation's informally named Campbell Lake member. Section 3298 is exposed 
on the east flank of Pipestone Canyon where it unconformably overlies Fraser Creek 
Complex quartz diorite. The contacts between Sections 3298 and 3355 and basement 
rocks are covered, but Fraser Creek Complex meta-igneous units are exposed within a few 
lO’s of meters nearby. The top of each of the sections is the modem erosion surface.
Section 3298
The cliff-forming conglomerate, sandstone and shale that crop out along the east flank of 
Pipestone Canyon are designated Section 3298 for the high point above the south end of 
Campbell Lake on the canyon's east side (Plate 1,7177(X) E , 5367600 N). The base of the 
section is opposite the mouth of Carolyn Canyon (informal name for the prominent gully 
that enters Pipestone Canyon from the west, beneath hill 3355) and includes all of the strata 
on the east side, to the top of hill 3298. The Pipestone Canyon Formation sediments at 
this locale dip betweai 10-20° to the northeast Total thickness of the section amounts to 
440 m (Plate 2). Four lithofacies comprise the section: basal boulder conglomerate, chert 
wacke, cobble and pdible conglomCTate, and chert-pd)ble conglomCTate. Sevai pebble 
counts were conducted on the conglomCTate portions of the section (Plate 2, Appendix A, 
Pebble Counts 1,9, 15, 8,3, 4, and 5 ). Thin-sections (Appendix A, thin-sections 17JP95, 
125JP95,24JP95,31JP95, 26JP95,42JP95, 61JP95) from the sandstone intor-beds and 
congloma:ate matrix were cut and examined. Clast lithologies within the section change 
up-section. Plutonic clasts dominate the base but share equally with volcanic clasts by the 
middle of the section. Clasts at the top of the section are primarily chCTt with volcanic 
clasts strongly represented and plutonic clasts virtually absent Chert-lithic sand comprises 
28 to 68 percent of the sand-sized fraction.
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Section 3355
The base of the section begins at the mouth of Carolyn Canyon (Plate 1,717400 E, 
5367700 N) and continues north, up the south flank of hill 3355. The base of the section is 
covered, but Frazer Creek Complex rocks are exposed approximately 80 to 1(X) m south at 
the same elevation. The section features moderate, homoclinal dips to the northeast and 
includes the first three of the four lithofacies of the Section 3298. The uppermost 
lithofacies, the chert-pebble conglomerate of Section 3298, is missing and has apparently 
been removed by erosion. Section 3355 is 245 meters thick. Three pebble counts were 
completed on Section 3355 (Plate 2, Appendix A, Pebble Counts 6,10, and 7). Lithologic 
composition of the section parallels that of Section 3298.
Pipestone Canyon Formation Lithofacies Descriptions
The Pipestone Canyon Formation may be informally subdivided into five lithofacies, four 
comprising the Campbell Lake member, and one the Bonner Lake member. Each 
lithofacies is interpreted to be the product of a specific depositional environment and 
illustrates changes over time in the development of the Pipestone Canyon Formation basin.
Lithofacies of the Campbell Lake Member
The Campbell Lake member is subdivided into four lithofacies: 1) plutonic boulder 
conglomerate, 2) chert wacke, 3) cobble and pebble conglomerate, and 4) chert-pebble 
conglomerate.
Boulder Conglomerate Lithofacies
The boulder conglomerate lithofacies of Section 3298 is at least 60 m thick (Plate 2). 
Exposures on both sides of Pipestone Canyon (Plate 1) demonstrate that the lithofacies is
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composed almost entirely of plutonic boulders up to 2 m in long dimaision, averaging 20 
to 30 cm, primarily clast-supported, in a matrix of coarse- to fine-grained, chert-lilhic and 
quartzo-feldspathic arenite (Plate 2, Appencix A). The composition of the boulders ranges 
from tonalite to granodiorite, with a color index of less than 10.
Figure 7. Tonalite boulders in the Campbell Lake member boulder conglommte 
lithofacies. Measured Section 3298. Hammer is 32 cm in length.
A weak to moderate foliation, created by alignment of biotite crystals (to 4 mm) and 
lenses of quartz (to 8 mm), occurs in 15 to 20 percent of the boulders. The majority of 
the clasts are unfoliated. Leucocratic, quartzo-feldspathic dikes to 4 cm in width are evident 
in a small pCTcentage of the boulders and cobbles.
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Bedding is crude, from 2 to 5 m thick, generally structureless though near the top of the 
lithofacies some beds are normally graded. A tonalite boulder at the base of the lithofacies 
exposure on the east side of Pipestone Canyon (Plate 1,53676(X) N, 717600 E) yielded a 
110.2 Ma U-Pb date (Appendix C, 161JP95).
The poorly organized boulder conglomerate is devoid of clast imbrication. Conglomerate 
sequences are overlain locally by beds of white to tan, horizontally laminated, red- and 
purple-weathered, pebble conglomerate or coarse-grained arenite, 12 to 20 cm thick, which 
rarely extend laterally more than 20 m. Tops of the sandstone beds are usually planar, 
though slight scouring on the uppermost surfaces is present locally. The beds are 
commonly truncated by overlying conglomerate deposits. Clast size diminishes in the 
upper quarter of the lithofacies, and plutonic cobble and pebble conglomerate and pebbly 
sandstone beds, up to 1 m thick, are intercalated with the boulder conglomerate strata.
Near the top of the lithofacies, a 1.5 m-thick laminated siltstone deposit is exposed beneath 
the top 4 m conglomerate bed. The siltstone is fine-grained, gray to brown, concretionary, 
laminated to thin-bedded with alternating light and dark laminations 4 to 8 mm thick and 
Liesegang banding. Some of the laminations have low amplitude (less than 2 cm) 
undulating bases, and minor channels 4 to 8 cm deep are cut into the unit's top.
Two pebble counts were conducted on the lithofacies of Section 3298, the first at the base 
and the second near the its top. Composition of the lithofacies (Plate 2, Appendix A, PC 1 
and 6) is nearly 100% leucocratic, foliated and non-foliated biotite tonalite. Volcanic and 
chert clasts are absent Two thin-sections (Appendix A,17JP95 and 125JP96) show the 
conglomerate matrix to be quartzo-feldspathic chert-lithic arenite.
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Interpretation
Based on the large size of the clasts and the lack of organization within the unit, the 
boulder conglomerate lithofacies was deposited as debris flows onto the proximal portion 
of a mountain-front alluvial fan (Nemec and Steel, 1984). The fine-grained, laminated 
siltstone near the top of the lithofacies represents a short-lived change to shallow lacustrine 
deposition, which was succeeded by a final pulse of boulder conglomerate deposition.
The lithofacies is conformably overlain by the chert wacke lithofacies. The homogeneity of 
the boulder conglomerate clasts testifies to the uplift and erosion of an adjacent pluton with 
a second source region providing fine-grained chert to the lithofacies matrix.
Chert Wacke Lithofacies
The chert wacke lithofacies of the Campbell Lake member (Plate 2) is composed of more 
than 40 m of medium-to-thick-bedded, pale buff to purple, intermittently tuffaceous, 
feldspathic, chert-lithic wacke and subordinate coarse-to-fine-grained, poorly sorted, 
feldspathic chert-lithic arenite. The chert wacke hthofacies is well exposed on both sides of 
Pipestone Canyon, in both Sections 3298 and 3355.
The chert wacke lithofacies is intercalated with and gradationaUy overlies the top of the 
boulder conglomerate. The lithofacies is characterized by repetitious, structureless to 
normally graded beds 20 to 80 cm thick that feature planar bottoms and tops (Figure 8). A 
thin-section from a bed typical of the hthofacies (Appendix A, 24JP95) demonstrates the 
unit is dominated by angular, sand-sized chert clasts in a wacke matrix. Deeply weathCTed, 
angular to subrounded fragments of leucocratic, quartzo-feldspathic, biotite-bearing 
plutonic rock, to 3 cm, are occasionally present and strongly suggest the nearby presence of 
an eroding pluton.
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The middle portions of the lithofacies contain thin laises or discontinous beds, to 15 cm 
thick, of matrix-supported, plutonic- volcanic-and chert-pebble conglomerate. Cream-to- 
beige, felsic volcanic clasts and deeply weathered, leucocratic, subangular to subrounded 
plutonic clasts, constitute 80 percent of the pd)bles. The remaining 20 percent are pebbles 
of black, gray and greai chert. The upper strata of the lithofacies appears tuffaceous, and a 
sample was collected for isotopic age analysis (Plate 1,5367650 N, 718(XX) E, 1JP95).
Figure 8. Repetitious beds of the chert wacke lithofacies. Measured Section 3355. 
Staff is 1.5 m in length.
Interpretation
Based on the structureless to normally graded beds, the compositional and textural 
similarity of the chert wacke lithofacies with the matrix and sandstone interbeds of the
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boulder conglomerate lithofacies and the gradational contact between them, the wacke 
lithofacies is interpreted as the distal deposition of the boulder conglomerate lithofacies 
dd)ris-flows. The distal-facies atop proximal-facies depositional contact may represent the
cessation or displacement of tectonic activity along the basin margin.
Cobble and Pebble Conglomerate Lithofacies
The chert wacke lithofacies is overlain by the cobble and pebble conglomerate lithofacies. 
This lithofacies is well exposed in both Section 3298 and Section 3355. The contact 
between the chert wacke and conglomerate lithofacies is generally abrupt but locally 
gradational Conglomerate beds are massive to crudely planar-bedded with subrounded to 
rounded clasts (Figure 9). Beds range from 1 to 6 m thick and suggest bedding 
amalgamation. The conglomerate is moderately sorted and cemented, matrix-supported to 
clast-supported with a granule- to fine-grained sandstone matrix. Conglomerate clasts 
show no imbrication. Conglomerate exposures typically fine upward and are capped by 
medium-bedded, medium- to fine-grained sandstone. The bottoms of many of the 
conglomerate sequences show slight scouring and minor channeling into the tops of the 
underlying sandstones.
The sandstone interbeds are 0.5 m to 3.5 m thick, moderately cemented, structureless to 
trough or planar cross-bedded, with infrequent, faint, dark laminations. The interbeds 
appear lenticular, and gradually pinch-out or are abruptly cut off by succeeding 
conglomerate deposition. Sandstone beds become more prominant and more laterally 
continuous up-section. At least one interbed is tuffaceous and was collected for isotopic 
age analysis (Appendix C, 5368850 N, 717700 E, 32JP95). Thin-sections of non- 
tuffaceous interbeds are composed of 45 to 80 percait chert-lithic arenite, with the 
remaining fraction quartzofeldspathic sand (Appendix A, thin-sections 31JP95,26JP95).
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Figure 9. Campbell Lake member cobble and pebble conglomerate 
lithofacies of Measured Section 3298, Pipestone Canyon.
Five pei)ble counts were performed within the cobble and pebble conglomerate lithofacies,
three on Section 3298 (Pd)ble Counts 15, 8, and 3) and two on Section 3355 (Pebble
Counts 10 and 7) (Plate 2, Appendix A).
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The cx)bble and pebble conglomerate lithofacies is characterized by subangular to 
subrounded clasts of gray, beige, green, mauve or black, porphyritic, felsic volcanic rock, 
leucocratic, foliated and non-foliated, biotite-rich tonalite, and black, gray, blue, and green 
clasts of chert Most clasts are between 6 and 10 cm in long dimension, to a maximum of 
25 cm. The cobble and pei)ble conglomerate lithofacies is gradationally overlain by the 
chert-pebble conglomerate lithofacies (Plate 2, Appendix A).
A section of amalgamated sandstone beds more than 20 m thick is exposed within the 
middle portion of the cobble and pebble conglomerate lithofacies, in Section 3298. The 
sandstone is structureless to planar-bedded, with stringers of 3 to 4 cm pebbles present as 
lag deposits. Laminated-to thin-bedded, fine-grained, fissile shale and carbonaceous, sandy 
shale, with abundant wood and plant debris that rest parallel to bedding, are exposed at two 
locations within this sandstone section.
Interpretation
The introduction of felsic volcanic pebbles and cobbles and macroscopic chert clasts into 
the previously plutonic-clast, chert-lithic-sand dominated depositional system indicates 
reorganization of the Pipestone Canyon Formation basin in relation to its source areas. 
Erosion of a felsic volcanic complex occurred as macroscopic clasts of chert wae 
appearing for the first time. Based on their high degree of rounding, the chert clasts 
probably represent material recycled from earlier deposition. Concurrent with the arrival of 
these new components, the supply of chert-lithic arenite continued unabated and the 
amount of plutonic debris declined. The structureless to crudely planar beds of the 
conglomerate are both matrix-supported and clast-supported. The lack of clast imbrication, 
and the planar- to cross-bedded character of the sandstone interbeds strongly suggest the 
lithofacies was emplaced as debris-flows and braided-stream channel gravels and sands.
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The thick, plant-debris-rich, amalgamated sandstone in the middle portion of the 
lithofacies’ section may represent natural levee and overbank deposition.
Chert-Pebble Conglomerate Lithofacies
The chert-pebble conglomerate lithofacies (Figure 10) gradationally overlies the cobble and 
pd3ble conglomerate lithofacies. Exposures of the chert-pebble conglomerate are limited to 
the upper portion of Section 3298. Subrounded to rounded pebble conglomerate
Figure 10. Campbell Lake member chert-pebble conglomerate lithofacies, Measured 
Section 3355. The staff is 1.5 m in length.
constitutes 60 percait of the outcrop, with sandstone the remainder. 70 percent of the 
pebbles are black, gray or greai chert with felsic volcanic clasts providing the rest.
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Plutonic clasts are rare. Two pebble counts were completed on this lithofacies (Plate 2, 
Appendix A, Pdjble Counts 4 and 5).
Figure 11. Climbing ripples in sandstone of the chert pebble conglomerate 
lithofacies. Pencil is 14 cm in length.
Chert-and volcanic- pebble conglomerate beds are primarily clast-supported, 1 to 4 m in 
thickness, overlain by discontinous, coarse-to-medium-grained, sandstone beds, 0.1 m to 
2.5 m thick (Figure 10). Clast imbrication is rare. Conglomerate beds often contain 
discontinuous sandstone lenses and show slight scouring into the underlying sandstone 
intebeds. The sandstone interbeds are more laterally continuous than those lower in the 
section and, locally, are planar and trough cross-stratified. Occasional lens-shaped 
channels filled with clast-supported pebble conglomerate cut the lithofacies.
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The upper 35 m of the chert-pebble conglomerate lithofacies is more sand-rich and 
contains meter-scale, trough cross-stratified sandstone This sand-rich portion of the 
lithofacies also exposes abundant plant and wood dd>ris, including a tree stump 12 cm in 
diameter, preserved vertically in growth position. Approximately 40 m below the top of 
Measured Section 3298, fine-grained sandstone and sandy shale contain well-preserved 
conifer twigs and deciduous leaves. Two thin-sections from the sandstone portion of the 
lithofacies (Plate 2, Appendix A, thin-sections 42JP95 and 61JP95) show substantial (25 
to 65% ) amounts of sand-sized chert and are best described as feldspathic lithic chert 
wacke and lithic chat arenite (Figure 11). The top of the stratigraphic section is the 
modem erosion surface.
Interpretation
The clast-supported nature of much of the pebble conglomerate, the high proportion of 
sandstone relative to the conglomerate, the abundance of trough and planar cross­
stratification in the sandstone, and the presence of abundant plant debris support an 
interpretation of gravel bar, sand bar, and natural levee deposition in a braided stream 
fluvial environment
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Bonner Lake Member Lithofacies
Boulder Conglomerate Lithofacies
The boulder conglomerate lithofacies of the Bonner Lake member is a monotonous section 
of plutonic and volcanic, matrix- to clast-supported, boulder and cobble conglomerate, with 
sparse and laterally discontinous sandstone interbeds. The boulder conglomerate 
lithofacies of the Bonner Lake member is well exposed at both Section 2865 and the Road 
Section (Figure 12).
Figure 12. Bonner Lake member boulder conglomerate. Road Measured
Section. Conglomerate is disorganized with structureless, discontinous 
sandstone interbeds dipping to the left (NE). Hammer is 0.9 m in length.
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The plutonic clasts are leucocratic, subangular to sub-rounded, foliated and nonfoliated 
biotite tonalite and biotite granodiorite, with a maximum length of 1.5 m. The volcanic 
rocks are primarily black, mauve, beige and pink rhyolite, moderately well rounded, 0.3 to 
0.7 m in long dimension. Gray, black or white chat clasts, all less than 14 cm in length, 
make up less than 5 percent of the member. The boulder conglomerate beds, 1 m to 5 m 
thick, are unorganized to poorly organized and lack clast imbrication. Discrete channels are 
not evident Structureless sandstone into’beds up to 1 m thick occur at the top of the 
boulder conglomerate deposits, are discontinous, and rarely exceed 15 m in length.
Four pebble counts were conducted on this lithofacies, three on Section 2865 and one on 
the Road Section, and three sandstone thin-sections were produced (Plate 2, Appendix A, 
Section 2865 , Pebble Counts 12,14, 13,, Road Section, Pebble Count 11, thin-sections 
177JP96, 350JP97, and 362JP97). The interbeds have gently undulose bases and eroded 
tops and ends which are usually cut-out, rather than pinched out Conglomerate matrix and 
interbed material is pebble-to-granule chert-lithic aroiite and feldspathic chert-lithic arenite.
The principal difference between the Campbell Lake and Bonner Lake member boulder 
conglomerates is their lithologic composition. The maaoscopic clasts of the Campbell 
Lake member’s boulder conglomerate lithofacies are entirely plutonic, while the basal 
Bonner Lake member has felsic volcanic and plutonic clasts in nearly equal proportion. 
Also, boulders in the Campbell Lake member bouldo" conglomerate are generally larger 
than those exposed within the Bonner Lake unit Both members share the presence of 
abundant (20 to 60 percent) chert-lithic arenite as matrix and interbed material. The 
lithologic composition of the Bonner Lake member boulder conglomoate greatly 
resembles the lower portions of the Campbell Lake member cobble and pebble
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as both units have plutonic and volcanic constituents (Figure 13). Differences in clast size 
between these two lithofades may be the result of Bonner Lake member boulder 
conglomerate deposition on the more proximal portion of an alluvial fan compared to the 
distal deposition of the smaller-sized clasts of the Campbell Lake member cobble and 
pd)ble conglomerate, or by lateral variation within a broad fluvial system (Figure 13).
Bonner Lake Campbell Lake 
section section
Figure 13. Schematic stratigraphic sections of the Pipestone Canyon Formation. 
Modified from Mahoney and Haugerud, 1999,
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Interpretation
Based on the matrix- to clast-supported character of the Bonner Lake boulder 
conglomerate, the thick and poorly organized conglomerate beds, the lack of clast 
imbrication, and the lack of crossbedding in the supra-conglomerate sandstone beds, this 
lithofacies is interpreted as debris-flow deposits and braided-stream channel gravels and 
sandbars on the proximal to medial portion of an alluvial fan. Sandstone interbeds may 
represent wanmg-flow deposition associated with the debris-flows or as braided-stream 
sand bars. The Bonner Lake member boulder conglomerate lithofacies may correlate with 
the Campbell Lake member cobble and pebble congloma-ate lithofacies (Figure 13).
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Paleocurrent Trends
Paleocurrent data are limited to the Campbell Lake member’s cobble and pebble lithofacies 
and chert-pebble lithofacies where a total of 26 measurements were collected. Cross-beds, 
pebble imbrication, channel axis orientation, and fossil plant debris alignment provided 
uni-directional and bi-directional paleocurrent trends. A NE-SW trend direction with a 
less pronounced E-W trend is recorded by Figure 14, and suggests a paleocurrent 
direction of northeast to southwest, or southwest to northeast
Figure 14. Paleocurrent trends for the Campbell Lake member of 
the Pipestone Canyon Formation. N= 26.
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Age of the Pipestone Canyon Formation
Paleobotany
Ryason (1959) proposed a Late Cretaceous-Paleocene age for the Pipestone Canyon 
Formation, on the basis of plant fossils recovered from the unit, while Royse (1965) 
concluded a Paleocene age based on a reappraisal of the same evidence. Figure 14 shows 
examples of typical Pipestone Canyon Formation fossil flora, identified by comparion with 
Royce (1965).
A. B. C.
Figure 15. Pipestone Canyon Formation plant fossils from the pebble sandstone 
Uthofacies of Section 3298. A-B; Metasequoia oc^entalis 
(Newberry). Cone is 1.8 cm in length. C; Nymphaeites angulatus 
(Newberry) BelL Identification by comparison with Royce, 1965.
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Palynology
Analysis by the Geological Survey of Canada of fossil pollen from carbonaceous material 
collected from the Campbell Lake member in the middle of Section 3298 (Plate 1,717400 
E, 5368000 N, Figure 16) indicates an age of latest Campanian to early Maastrictian (75 
Ma to 73 Ma) (A. Sweet, Geological Survey of Canada, written communication, 1997). 
This new date is at least 5 million years older than previous estimates.
A. B.
Figure 16. Photomicrographs of fossil pollen (latest Campanian to early Maastrichtian) 
collected from the Campbell Lake member. A. Aquilapollaiites funkhouseri 
(36 pm in length) B. Erdtmanipollis procumbentiformis (41 pm in length). 
Sweet, pers. com., 1999.
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Zircon Fission-Track Age
A sample containing unaltered, euhedral, volcanic, zoned feldspar crystals was collected 
from a tuffaceous, reworked sandstone bed within the chert-pebble conglomerate 
hthofacies of the Campbell Lake member, 3.5 km northwest of Campbell Lake (Plate 1, 
714750 E, 5370600 N). Zircons recovered from the sample have provided a fission track 
age of 69.8±6 Ma (J. Vance, pers. comm., 1997). The unaltered condition of the feldspar 
crystals and their euhedral shape suggest CTuption as pyroclastic mataial and rapid 
sequestration in the tuffaceous sandstone where alteration was minimized (J. Vance, pa's, 
comm., 1997). If this inference is correct, then the tuffaceous sandstone represents a time 
horizon within the Campbell Lake member, constitutes a maximum age for sandstone 
bed, and constrains the age of Pipestone Canyon Formation deposition.
Conclusion
Based on palynological and zircon fission-track ages, the Pipestone Canyon Formation 
was deposited in the Campanian to early Maastrichtian, approximately 75 Ma to 70 Ma.
45
PROVENANCE
The Pipestone Canyon Formation unconformably overlies both igneous rocks of the Fraser 
Creek Complex of Quesnellia and volcanic rocks of the Newby Group of the Methow 
terrane. Therefore, the formation overlies the Intermontane-Insular superterrane boundary 
and constitutes a stratigraphic link between the superterranes. HowevCT, disputes over 
precise nomenclature of the igneous and metamorphic basement in the Pipestone Canyon 
area requires documentation of a stratigraphic overlap between Quesnellia and Methow 
terranes based on provenance ties. A lithologic and geochemical comparison between 
clasts from the Pipestone Canyon Formation and representative samples from each phase 
of the Okanogan Range bathohth, one of the primary goals of this investigation, will allow 
the probability of a sedimentologic linkage to be assessed. Documentation of a sediment 
linkage between the Okanogan Range batholith and the Pipestone Canyon Formation, 
when combined with an accurate determination of the formation’s age, will constrain the 
timing and magnitude of movement on the Pasayten fault, and by extension, movement 
along the superterrane boundary.
The Okanogan Range Batholith
The north-northwest-trending Okanogan Range batholith lies directly east of the Pasayten 
fault (Figures 3,5) and is the southerly continuation of the middle Cretaceous Okanogan- 
Spences Bridge arc emplaced along the western margin of Quesnellia (Intermontane 
superterrane) (Thorkelson and Smith, 1989, Hurlow and Nelson, 1993, Menzer, 1982). 
Various structural levels of the arc are exposed from the northam edge of the Columbia 
Plateau northwestward to the arc’s truncation against the Fraser fault, near the intersection 
of the Fraser and Yalakom fault systems (Figure 2). The Okanogan-Spences Bridge arc is
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built upon a complex assemblage of Triassic volcanic rocks (Nicola Volcanic Group), 
Mississippian to Jurassic oceanic sedimentary rocks (Cache Creek Group), Permian to 
early Mesozoic plutonic and metamorphic rocks (ML Lytton Plutonic Complex), and 
Upper Jurassic to Lower Cretaceous plutonic rocks (Eagle Plutonic Complex) (Mortimer, 
1987, Grieg, 1988, Monger, 1989, Grieg et al., 1992). Lower Cretaceous volcanic and 
plutonic rocks assigned to the Spaices Bridge arc are contained within a north-northwest­
trending synclinorium that plunges gently to the north (Monger, 1985, Grieg etal., 1992). 
The northward plunge of the arc system leads to a progressively deeper level of exposure 
toward the south. The northern end of the system is characterized by thick successions 
(l(XX)‘s meters) of the Albian Spences Bridge Group volcanic rocks (Thorkelson and 
Rouse, 1989), whereas the plutonic roots of the system, progressively exposed to the 
south, include the Albian Fallslake Plutonic Suite in southern British Columbia (Grieg et 
al., 1992) and the Albian Okanogan Range batholith in northern Washington (Barksdale, 
1975, Todd, 1995).
The Okanogan Range batholith may be sudivided into five compositional phases, 
composed of, from east to west, the Tiffany Mountain, Doe Mountain, Lamb Butte, and 
Eightmile Creek plutons, and a narrow, western border unit of mylonitic rocks (Figure 5) 
(Todd, 1995). Pluton compositions range from biotite granodiorite to biotite-homblende 
trondhjemite to biotite trondhjemite (Hurlow and Nelson, 1993, Todd, 1995). The western 
margin of the batholith is defined by the mylonitic orthogneiss unit that parallels to the 
Pasayten fault The narrow, elongate body contains pronounced, steeply dipping foliations 
and down-dip lineations parallel to the Pasayten fault The mylonite is bounded on the east 
by the narrow and elongate Eightmile Creek phase, which in turn is bounded on its east by 
the elongate Lamb Butte phase of the batholith. Both the Eightmile Creek and the Lamb
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Butte phases contain well-developed foliations and lineations, subparallel to the Pasayten 
fault The central portion of the batholith is characterized by homogeneous, non-foliated, 
leucocratic biotite trondhjemite to tonalite of the Doe Mountain phase. The eastern margin 
of the batholith is a mixture of foliated, leucocratic biotite trondhjemite and mafic quartz 
diorite of the Tiffany Mountain phase (Rinehart, 1981, Stoffel, 1991, Todd, 1995). The 
Tiffany Mountain phase is intruded along its eastern margin by the Upper Cretaceous 
Bottle Springs (89 to 98 Ma), Old Baldy (85 to 1(X) Ma), and Cathedral (94 to 98 Ma) 
plutons (Rinehart, 1981, Stoffel et al., 1991,Todd, 1995).
Todd et al. (1992) suggests an intrusive chronology based on cross-cutting relations.
From oldest to youngest, the sequence of intrusion was Tiffany Mountain, Eightmile 
Creek, Lamb Butte, mylonitic border phase and Doe Mountain. However, transitional 
phases are common and intrusive relationships complex. Hurlow and Nelson (1991) have 
suggested that intrusion of the batholith was accomodated by dip slip on the Pasayten fault 
during the mid-Cretaceous, based on the batholith’s elongate geometry, locally preserved 
magmatic foliation, and the overprinting of magmatic foliation by steeply-dipping, tectonic 
foliation and down-dip lineations. It is important to note that this mid-Cretaceous motion 
on the Pasayten fault is oblique to the current, brittle, Pasayten fault (Haugerud et al.,
1996).
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Phases of the Okanogan Range Batholith
Tiffany Mountain Pluton
The Tiffany Mountain pluton forms a north west-trending screen between the Okanogan 
Range batholith and the plutonic rocks to the east (Figure 5). The medium-to coarse­
grained, leucocratic trondhjemite features widely spaced biotite aggregrates, to 1 cm, and 
minor hornblende (Todd, 1995). A subordinate portion of the phase is composed of 
strongly foliated quartz diortite, with partially chloritized biotite, hornblende, epidote, 
muscovite and sphene. Migmatite, composed of interlayered leucocratic trondhjemite, 
biotite quartz diorite and wall rock, is exposed in the southern portion of the phase (Todd, 
1995). The contact between the Tiffany Mountain phase and the Doe Mountain phase to 
the west is gradational in the south, but the Doe Mountain clearly intrudes the Tiffany 
Mountain to the north. The Tiffany Mountain phase has yielded a whole-rock K-Ar age of 
100± 10 Ma (Rinehart, 1981) and biotite K-Ar ages of 95.3+2.4 Ma and 95.1±2.4 Ma 
(Todd, 1995). The ages are considered minimum ages and may represent resetting by Late 
Cretaceous plutons to the east (Todd, 1995). U-Pb ages have not been reported for the 
Tiffany Mountain pluton.
Eightmile Creek Pluton
The 1 to 2 km-wide, medium- to coarse-grained, leucocratic trondhjemite of the north- 
northwest-trending Eightmile Creek phase is in gradational contact along its eastern 
boundary with the Lamb Butte phase (Figure 5). The Eightmile Creek phase becomes 
progressively mylonitic as the Pasayten fault is approached. This elongate body shows 
strong ductile shearing along both east and west contacts, with brittle deformation 
superimposed upon ductile fabrics (Todd, 1995). Distinctive features of the phase include
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lenticular grains of gray quartz; ovoid to prismatic crystals of white plagioclase feldspar (< 
2.5 cm); abundant, short prisms of hornblende 0.5 to 2.5 cm long; and abundant, scaley 
aggregates of biotite. Deformational fabrics are defined by ductilely deformed and 
recrystallized hornblende and fine-grained amphibolite. Hurlow and Nelson (1993) 
determined a U-Pb age of the Eightmile Creek trondhjemite ofll0toll2Ma.
Hornblende K-Ar ages for the pluton are 104.8+2.6 Ma and 105.7+2.6 Ma and are 
considCTed cooling ages (Todd, 1995).
Lamb Butte Pluton
The 1 to 4 km wide, north-northwest-trending Lamb Butte phase is bounded on the west 
by the Eightmile Creek phase, and on the east by the Doe Mountain phase (Figure 5). The 
Lamb Butte pluton is characterized by medium-grained trondhjemite and biotite 
granodiorite that has a well-developed foliation, defined by the alignment of quartz ribbons 
1 to 5 cm long, biotite flakes 1 to 3 mm, and sparse clots of biotite, 2.5 to 10 cm in length. 
Pegmatite and aplite dikes, which may contain pink K-feldspar and garnet, are invasive 
from the Doe Mountain unit Scattered inclusions of biotite schist, from 2 to 8 cm long, 
occur near the Lamb Butte-Doe Mountain contact The eastern boundary of the Lamb 
Butte is intruded by the Doe Mountain phase; the western boundary with the Eightmile 
Creek pluton appears to be gradational. The Lamb Butte phase yields dispersed, slightly 
discordant U-Pb zircon ages that cluster between 108 and 114 Ma, with discordant ages 
yielding a lower intercept of 111.3±2.4 Ma (Hurlow and Nelson, 1993). K-Ar biotite ages 
are 107±0.7 Ma, 102.5±2.6 Ma, 99.8+2.5 Ma, and 99.8+0.7 Ma, and are interpreted as 
cooling ages (Todd, 1995).
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Border Mylonite Phase
The western edge of the Okanogan Range batholith consists of a 1 to 2 km-wide exposure 
of mylonitic, biotite trondhjemite and granodiorite (Figure 5). The unit has a prounouced, 
high temperature, ductile fabric (Lawrence, 1978) produced by irregular layering of tight- 
colored, less sheared, and dark-colored, more sheared, rock on a scale of millimeters to 
centimeters. Relict, magmatic plagioclase and quartz grains are evident in most samples. 
Fresh surfaces are medium-dark gray, whereas weathered surfaces are stained orange and 
purple, perhaps the result of fluid movement along brittle fractures related to the Pasayten 
fault (Todd, 1995). The unit is cut by many thin (2 to 5 cm thick) K-feldspar-rich, 
leucocratic granitic veins, vein quartz and pegmatite dikes. Most of these structures are 
oriented and folded in concordance with the unit’s general foliation. Chlorite and epidote 
alteration in the mafic minerals and muscovite altered from plagioclase indicate the 
formation of the mylonite phase was late-stage, after the batholith was largely crystallized 
and while it was still cooling (Todd, 1995). U-Pb analyses on zircon from an enclave of 
biotite granodiorite yield concordant to slightly discordant ages that range from 108 Ma to 
113 Ma (Hurlow and Nelson, 1993). K-Ar biotite ages of 105±0.7 Ma, 103±0.7 Ma, and 
101.4±2.5 Ma may reflect either the minimum age of the protolith or the latest ductile 
movement on the Pasayten fault (Todd, 1995).
Doe Mountain Pluton
Leucocratic biotite trondhjemite, tonatite and granodiorite comprise the Doe Mountain 
pluton, the largest intrusive member of the Okanogan Range batholith (Figure 5). The Doe 
Mountain phase contains abundant quartz grains and aggragates, 0.5 to 2 cm long, 
scattered, white or occasionally pink, K-feldspar, to 2.5 cm and small, dispersed biotite 
flakes, to 2 mm. The Doe Mountain pluton is homogeneous and generally non-fohated.
■h.
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with little textural or compositional variation, though it is weakly to moderately foliated and 
finer grained within 0.5 km of its western boundary. Pegmatite and aplite dikes from the 
Doe Mountain intrude both the Tiffany Mountain and the Lamb Butte phases (Todd,
1995). U-Pb zircon analyses yield near-concordant ages that are dispersed parallel to 
Concordia, between 107.1 Ma and 113.6 Ma (Hurlow and Nelson, 1993). K-Ar analyses 
on biotite yield ages of 96.4+0.7 Ma, 96.3+0.7 Ma, %.3+2.4 Ma, and 96.4+2.4 Ma, which 
are interpreted as cooling ages (Stoffel and McGroder, 1990, Todd, 1995).
Geochemistry
The lithologic similarity between plutonic boulders and cobbles in the Pipestone Canyon 
Formation and rocks of the Okanogan Range batholith is striking. Previous workers 
noting the lithologic similarity, size and angularity of plutonic clasts in the Pipestone 
Canyon Formation have suggested that the Okanogan Range batholith was the source of 
the plutonic detritus (Barksdale, 1975, Kriens, et al., 1995). Definitive provenance linkage 
requires supporting evidence. Geochemical comparisons of major, trace, and rare earth 
elements between Pipestone Canyon Formation clasts and samples of the batholith provide 
that evidence.
Samples from the five phases of the Okanogan Range batholith (Figure 5) were collected 
during project field work, as were plutonic and volcanic clasts from both members of the 
Pipestone Canyon Formation. All samples were prepared and analyzed for both major and 
trace elements by X-ray fluorescence spectrometry at the University of Wisconsin-Eau 
Claire Geochemistry Laboratory (Appendix B). Rare earth element (REE) analysis was 
conducted at the University of Saskatchewan (Appendix B).
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Okanogan Range Batholith Geochemistry.
Suprisingly little geochemical data has been published from the Okanogan Range batholith. 
Samples analyzed during the course of this study represent the largest available database 
for the batholith (n=14). This limited sample suite does not adequately document the 
compositional range of the Okanogan Range batholith, but does provide an initial 
assessment of batholith geochemistry.
A granite discrimination diagram (Figure 17) from Pearce, 1984, indicates that all phases 
of the Okanogan Range batholith are subduction-related volcanic arc plutonic rocks.
Figure 17. Okanogan Range batholith samples plotted as parts per million on RbA"+Nb 
granite discrimination diagram of Pearce et al. (1984). Syn-COLG represents syn- 
continental collision granite, WPG is within-plate granite, ORG is ocean ridge granite, and 
VAG is volcanic arc granite.
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This is consistent with the low initial Sr isotopic values (0.7036 to 0.7042) reported by 
Todd et al. (1992), which suggest derivation from primative magma sources with little 
interaction with older evolved crust (Faure, 1986). Samples from all five phases range in 
silica content between 61 to 76 percent and are distinctly calcic in character (between 5 to 8 
pCTcent alkalis) (Figure 18).
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Figure 18. Okanogan Range batholith samples plotted on total alkali/silica (TAS) diagram 
of Rock etal. (1991). Vertical and horizontal axes are whole rock percentages.
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Major oxide variation diagrams (Marker diagrams) provide insight into the relationship 
between the different phases of the batholith. Variation diagrams (Figure 19) indicate that 
all phases of the Okanogan Range batholith follow a well-developed differentiation trend, 
indicative of derivation from a common magma system. The Lamb Butte phase is 
consistantly the most mafic and has the lowest silica component of the system. It is 
distinctly higher in Ti02, CaO, Fe203, and MgO, and lowest in Si02, K20, and Na20. 
These values contrast strongly with those of the Doe Mountain phase, which is distinctly 
higher in Si02, K20 and Na20, and lower in Ti02, CaO, Fe203, MnO and MgO. The 
Eightmile Creek and the border mylonite phase values fall between the two, but bear more 
similarities with the Lamb Butte phase. The Tiffany Mountain phase, which is inferred by 
field relations to be the oldest phase in the system (Todd, 1995) displays the most 
differentiated characteristics of any phase, with the highest values of Si02 and lowest 
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Figure 19. Okanogan Range bathoiith major oxide versus silica diagrams plotted 
according to Harker (1909).
56
Rare earth element analyses were conducted on four (4) samples of the Doe Mountain 
pluton and on one (1) sample of the Lamb Butte phase (Figure 20). The Doe Mountain 
phase (Figure 21) displays a distinct LREE enrichment (LaA"b=7-10) and little or no Eu 






Figure 20. Rare earth element (REE) analyses of Lamb Butte and Doe Mountain phases 
of the Okanogan Range bathohth plotted according to Masuda (1962).
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Interpretation
Major oxide variation diagrams (Figure 20) suggest that the phases of the Okanogan Range 
bathohth are gaietically related. A straightforward interpretation of the data suggests that 
the phases follow a simple differentiation traid, with the Lamb Butte phase representing 
the least differentiated, most mafic phase of the system. Differentiation would then have 
progressed through the Eightmile Creek and mylonitic phases, culminating in the 
emplacement of the differentiated, silica-rich, mafic-poor Doe Mountain and Tiffany 
Mountain phases. These chemical trends, although far from definitive, suggest that the 
emplacement succession inferred from field data may be erroneous. Resolution of 
available age data is insufficient to test the sequence of emplacement
Geochemistry of the Pipestone Canyon Formation
Plutonic clasts were collected from the two members of the Pipestone Canyon Formation 
for geochemical analysis. Samples of the Campbell Lake membCT are divided into two 
populations. Those labeled “fanglomerate” were collected from tonahte bouldCTS in the 
boulder conglomerate lithofacies at the base of Section 3298 and Section 3355. “Upper 
Campbell Lake member” samples are plutonic clasts from the cobble and pebble 
conglomerate lithofacies of Section 3355. Bonner Lake member samples were collected 
from the boulder conglomerate lithofacies of both Section 2865 and from the Road 
Section.
Clast lithology
Plutonic clasts of the Pipestone Canyon Formation are leucocratic, biotite-bearing, foliated 
or non-folilated tonalite or trondhjemite, with the foliation, if present, defined by alignment 




Analysis of the geochemistry of Pipestone Canyon Formation clasts is designed to provide 
a direct comparison with the geochemical charactCT of the Okanogan Range batholith. No 
attempt has been made to determine the tectonic setting or magmatic history of the clasts 
within the Pipestone Canyon Formation. Analysis of major element discrimination 
diagrams (Harker diagrams) illustrates that the Pipestone Canyon Formation clasts tend to 
have a higher average silica content and a much broader range in other major elements than 
samples from the batholith.
A comparison of major oxide variation diagrams is produced in Figure 21, with values for 
the Okanogan Range batholith from Figure 19 shown as shaded areas. Plutonic clasts 
from the Pipestone Canyon Formation are subdivided into boulder conglomerate clasts 
(filled circles), upper Campbell Lake member clasts (half-filled squares), and Bonner Lake 
member clasts (filled squares). Clasts from the upper Campbell Lake member and Bonner 
Lake member do not strongly ovctI^ batholith values, but boulder conglomerate clast 
values strongly overlap those of the batholith, particularly those from the Doe Mountain 
and Tiffany Mountain phases (compare Figures 19 and 21). A significant percaitage of 
clasts from the upper Campbell Lake member and the Bonner Lake member do overlap 
batholith values, but viewed as a group, do not provide a convincing linkage.
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Figure 21. Major oxide versus silica values of Pipestone Canyon Formation ciast'' 
compared with Okanogan Range batholith sample valuer vsnaoed areas). 
Boulder conglomerate clasts are filled circles. Upper Campbell Lake member 
clasts (cobble and pebble lithofacies) are half-filled squares. Bonner Lake 
member clasts are filled squares. Plotted according to Marker. 1909.
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The strong linkage between batholith geochemistry and boulder conglomerate clast 
geochemistry is illustrated by examination of trace element bivariant plots, such as Nb/Zr 
(Figure 22), All phases of the Okanogan Range batholith cluster tightly in Nb/Zr space. 
Superimposing Pipestone Canyon Formation clast geochemistry values over the batholith 
field demonstrates that the boulder conglomerate clasts strongly overlap the batholith field, 
with other Pipestone Canyon Formation plutonic clasts displaying a far higher degress of 
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Figure 22. Trace element bivariate values of Nb versus Zr. A. Okanogan Range batholith 
samples B, Pipestone Canyon Formation clasts displayed upon batholith 
field. Plotted according to Pearce et al. 1984.
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This overlap is also demonstrated on a Rb/Y+Nb plot (Figure 23), with the fanglomerate 
clasts directly overlying batholith values.
■ Bonner Lake member
B upper Campbell Lake member
• basal fanglomerate
Y+Nb >■ Lamb ButteT Doe Mountain◄ Tiffany Mountain
M Eight Mile Creek 
^ Mylonite
Figure 23. Okanogan Range batholith samples and fanglomerate clasts plotted on a
RbAf+Nb granite discrimination diagram. Plotted according to Pearce, et aL
1984.
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An additional comparison between boulder conglomerate clasts and batholith samples may 
be done utilizing REE diagrams. Several clasts from the boulder conglomerate (labeled 
“fanglomerate”) have been plotted against REE values from the Lamb Butte and Doe 
Mountain phases (Figure 24). Note the strong similarity in REE patterns evident between 
the Doe Mountain phase and clasts from the boulder conglomerate. No boulder 
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Figure 24. Chondrite normalized REE comparisons of Doe Mountain (fUled circles) and 
Lamb Butte (diamonds) phase samples with Campbell Lake member 
boulder conglomerate (‘fanglomerate”) clasts (all other symbols). Plotted 
according to Cory el et aL 1963.
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Two clasts from the boulder conglomerate (‘fanglomerate”) display a distinct, concave-up 
pattern and an enrichment in HREE. This pattern is unlike that of the Doe Mountain 
phase, suggesting that more than one plutonic phase must have been contributing to the 
Pipestone Canyon depositional system during the time of boulder conglomerate deposition. 
Further REE analyses may identity this distinct phase.
Interpretation
The strong agreement between Okanogan Range batholith geochemistry, particularly the 
Doe Mountain phase, and Pipestone Canyon Formation boulder conglomoate clast 
geochemistry indicates that the batholith supplied debris to the Pipestone Canyon 
Formation basin, at least during boulder conglomeraste deposition. Geochemical 
comparisons between the Okanogan Range batholith and the upper portion of the Campbell 
Lake member and the Bonner Lake member do not provide a strong provenance tie, 
although the high degree of elemental scatter does not eliminate the possibility.
Overall, geochemical values from clasts derived from the Pipestone Canyon Formation 
display a much broado- range than samples taken directly from individual phases of the 
Okanogan Range batholith. This increase in the range of elemental values may be the 
result of: 1) a widCT geochemical range in the Okanogan Range batholith than suggested by 
the limited number of samples in this study; 2) elemental mobility due to more severe 
alteration in plutonic clasts; or 3) derivation of clasts from a source or sources other than 
the Okanogan Range batholith. Clearly, uncertainties remain regarding provenance 
linkages between the upper portion of the Pipestone Canyon Formation and the Okanogan 
Range batholith. However, the strong geochemical overlap between the Campbell Lake 
membCT boulder conglomerate lithofacies clast geochemistry and the geochemical
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signature of the Doe Mountain phase of the batholith strongly suggests a provenance 
linkage between the Pipestone Canyon Formation and the Okanogan Range batholith early 
in the depositional history of the formation. Geochemical investigation of other possible 
Late Cretaceous contributing plutons, the Sieara Nevada batholith and the Peninsular 
Ranges batholith, may modify or alter this conclusion but is outside the scope of this study 
and remain for other researchers to examine.
Radiometric age analyses
Two volcaniclastic, tuffaceous intervals were sampled in Section 3298 (1JP95, 32JP95, 
Figure 25 A. and 25 B., Appendix C) for U-Pb isotope analyses in an effort to determine 
the age of Pipestone Canyon Formation deposition.
0.096 0.138 0.178 0.218
A. B.
Figure 25. Campbell Lake member U-Pb concordia diagrams from section 3298.
A. Wacke lithofacies. B. Cobble and pebble congomerate lithofacies.
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1JP95 (Plate 1,5367500 N, 717700 E) was collected from a tuffaceous interval of the 
wacke lithofacies and 32JP95 (Plate 1,5368450 N, 7176(X) E, Figure 25 B.) from a 
volcaniclastic stratum of the upper portion of the cobble and pd)ble conglomerate 
lithofacies. Petrographic analyses revealed the presence of abundant, angular feldspar 
clasts, grains, and plutonc fragments in both samples, which suggests a local source. 
Abundant, high quality zircon was extracted and analyzed. Concordant fractions of both 
samples give ages between 108 and 104 Ma, which are consistant with derivation from the 
Okanogan Range batholith and Pimainus Formation of the Spences Bridge arc (Hurlow 
and Nelson, 1993, Irving and Thorkelson, 1990).
Additional evidence to support a local provenance link between the Okanogan Range 
batholith and the Pipestone Canyon Formtion is a zircon U-Pb age analysis made of a 
tonalite boulder (Figure 26) from the base of the Campbell Lake member boulder 
conglomerate lithofacies (Plate 1,162JP96,717(XX) E, 53672(X) N).
Figure 26. Concordia diagram for the tonalite boulder 161JP96, from the boulder 
conglomerate lithofacies of the Campbell Lake memba'.
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The boulder has been assigned an age of 110± 0.2 Ma (Figure 26, Appendix C), which 
correlates strongly with the age of the Doe Mountain phase of the Okanogan Range 
batholith of 114 to 111 Ma (Hurlow and Nelson, 1993).
Pipestone Canyon Formation Volcanic Components
Pipestone Canyon Formation volcanic components include not only clastic material eroded 
from a volcanic source torane, but syndepositional volcanic rocks. Reworked tuffaceous 
and volcaniclastic sandstone beds are locally exposed within the Campbell Lake member. 
Zircon for fission-track age analysis was collected from one such site (Plate 1,714750 E, 
5370600 N) and zircon for U-Pb age analyses from two other locations (Figure 25, 
Appendix C). No primary tuffs have been identified within the Campbell Lake member.
West of the north-trending Fuzzy Canyon fault, the volcanic clasts in the Bonner Lake 
member are identical in appearance to the felsic-volcanic cobbles and pebbles of the 
Campbell Lake membCT. The Bonner Lake unit includes, additionally, syndepositional 
volcanic tuff, breccia, and btisalt or basaltic andesite. The brown to gray tuff, lapilli tuff and 
red-brown breccia are locally exposed west of Bonner Lake on the east side of Hill 2865 
where they are interstratified with Bonner Lake membo" conglomerate and on the ridge 
immediately east of the lake (Plate 1). The basalt or basaltic andesite is best exposed above 
the Balky Hill Road (Plate 1,5364000 N, 716300 E) as gray, maroon, brown-weathering, 
sparsely pyroxene- and feldspar-porphyritic rubble (Haugerud, written communication, 
1999). The unit appears to be at or near the top of the Bonner Lake member conglomerate. 
None of these Bonner Lake member volcanic units was examined in detail during this 
investigation.
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When compared on a Total Alkali versus Silica diagram (TAS) (Figure 27) both Campbell 
Lake and Bonner Lake member volcanic clasts plot within the rhyolite field.
TAS
1 0
Na20+K20 wt% g ■ Bonner Lake Mbr. Volcanics
O Campbell Lake Mbr. Volcanics
6
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Figure 27, Campbell Lake and Bonner Lake member volcanic clast TAS diagram. Plotted 
according to Rock et al., 1991.
The TAS diagram (Figure 27) shows the clustering of aU of the Bonner Lake member 
clasts with nearly half of those from the Campbell Lake member, at chemical composition 
values between 7 and 8 percent Na20+K20 and 73 and 80 percent Si02. One Bonner 
Lake member clast, 290JP96, shows significantly less alkali (about 5.5 percent), but all the 
other clasts are within 6.8 to 8 percent alkali, and from 72 to 83 percent siUca. The same 
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Figure 28. Campbell Lake and Bonner Lake members’ volcanic clasts displayed on a K20 
versus Si02 diagram. Plotted according to Rocket al., 1991.
Chemical overly between the members is also exhibited in Figure 28, with four out of five 
Bonner Lake clasts and three out of sevai Campbell Lake clasts centered between 3.6 and 
4.7 percent K20, and 72 to 78 percent Si02. Bonner Lake member clast 290JP96 is 
anomalous, being significantly reduced in K20, compared with the other samples. The 
Winchester diagram (Figure 29) shows most of the clasts from the two members clustered 
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Figure 29. Winchester diagram (Zr/Ti02 vs. Nb/Y) of Bonner Lake and CampbeU Lake 
members’ volcanic clasts. Plotted according to Floyd and Winchester, 1975.
Geochemical overlap of the two members’ volcanic clasts, shown in these diagrams, 
strongly supports the contention that the same volcanic source supplied both the Campbell 
Lake and the Bonner Lake members with the major proportion of their volcanic clasts.
Correlation of Campbell Lake and Bonner Lake Members.
The Campbell Lake and Bonner Lake members of the Pipestone Canyon Formation were 
deposited upon different basemaits units, separated by the Fuzzy Canyon fault the 
Campbell Lake member atop the Fraser Creek Complex and the Bonner Lake member on 
the volcanic rocks of the Newby Group (Plate 3). Correlating the two members is a
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necessary step before a provenance tie between the Intermontane and Insular superterranes 
can be demonstrated.
The Campbell Lake and Bonner Lake members of the Pipestone Canyon Formation are 
correlated as parts of the same dqx)sitional system, based on the following relationships:
• geochemical overlap of their plutonic clasts (Figures 21 and 22);
• geochemical overlap and clustering of their volcanic clasts (Figures 27,28, and
29);
• evidence that both membCTS experienced syndepositional volcanic activity in the
form of tuffaceous sandstone, volcanic breccia, or flows of basalt or basaltic 
andesite;
• both members contain abundant chert-lithic arenite though they differ markedly in
the abundance of macroscopic chert clasts (Bonner Lake has few, Campbell Lake 
has many);
• both members exhibit debris flow and braided stream depositional architecture;
• petrographic similarity in plutonic and volcanic clasts;
• Doe Mountain clasts interpreted to occur in both members;
The lithologic composition of the Bonner Lake member (Plate 2) most closely resembles 
the Campbell Lake member’s cobble and pd)ble conglomerate lithofacies with its plutonic
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and volcanic clasts, supported by a chert-lithic arenite matrix, overlain by thin beds of 
chert-lithic arenite. The difference in clast sizes, boulder to cobble for the Bonner Lake 
member and cobble and pebble for the Campbell Lake member’s cobble and pebble 
conglomerate hthofacies, is best explained by proximal versus distal deposition. The 
Bonner Lake member represents proximal debris flow and braided stream deposits, 
whereas the Campbell Lake member’s cobble and pebble conglomerate records the more 
distal deposits of the same braided stream complex. Post-depositional, sinistral 
movement on the Fuzzy Canyon fault then produced the present geographic juxtaposition 
of the lithofacies. Based on this analysis, the two members constitute portions of the same 
dqxjsitional system, and are both part of the Pipestone Canyon Formation.
Source of Pipestone Canyon Formation Volcanic Clasts
The source of the Pipestone Canyon Formation’s volcanic clasts is uncertain. Local 
volcanic units (within 150 km) which may have provided material to the formation are the 
Jura-Cretaceous Newby Group volcanic rocks, the Upper Cretaceous Midnight Peak 
Formation, and the Upper Cretaceous Pimainus Formation. The first two are Methow 
terrane units (Figure 4); the third comprises a significant portion of the volcanic carapace 
of the Spences Bridge arc. None of these volcanic units has been sampled or investigated 
in detail during this project
The Newby Group volcanic tuff and breccia are green to gray-green, often with white, 
laumontitic alteration, and composed dominately of andesite. Clasts of such material have 
not been recognized in the Pipestone Canyon Formation. An exception to the Newby 
Group’s intermediate volcanic traid is the rhyolite flow underlying the Bonner Lake 
member on Hhl 2865 and along Balky Hill Road. Rust-colored and aphyric, the rhyolite 
bears little similarity to the multi-colored, quartz and K-spar porphyritic Campbell T pke
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and Bonner Lake member volcanic clasts and argues against inclusion as a source terrain. 
Thus, it does not appear that the Newby Group furnished significant quantities of volcanic 
clastic debris to the Pipestone Canyon Formation.
Midnight Peak Formation plagioclase-phyric andesite flows, tuffs, breccias, and associated 
volcaniclastic sediments overlie the Winthrop Formation of the Pasayten Group 
(Barksdale, 1975). The gray to pale green porphyritic flows have abundant, aligned laths 
of plagioclase (to 1 cm), and the breccias often contain maroon volcanic fragments in a pale 
green, volcaniclastic matrix. The Midnight Peak Formation does not contain rhyolite. 
Clasts of aphyric rhyolite, porphyritic andesite or pale green to maroon volcanic breccia are 
not evident in the Pipestone Canyon Formation.
The Pimainus Formation is composed of basalt and rhyolite and is exposed on a northwest 
trend, north of the international boundary in British Columbia (Figure 2). Based on plant 
fossils recovCTed from sedimentary interbeds, the Pimainus Formation has been assigned 
an age of late Albian, a determination supported by the U-Pb zircon age analysis of a 
mauve-colored Pimainus rhyoUte boulder of 104.5 Ma (Irving and Thorkelson, 1990). A 
mauve-colored rhyolite boulder from the boulder conglomerate lithofacies of the Bonner 
Lake member (Plate 1,714200 E, 364700 N, Appendix C) was sampled for zircon U-Pb 
age analysis and provided an age of 102.0+ 1.0 Ma (Figure 30). This date correlates well 
with the Pimainus rhyolite age, 104.5 Ma, and strongly suggests that the Pimainus 
Formation suppUed volcanic debris to the Pipestone Canyon Formation.
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Figure 30. U-Pb concordia diagram for Bonner Lake member rhyolite clast 
162JP96.
Source of Pipestone Canyon Formation Chert
The ubiquity of chert-lithic arenite is a distinctive feature of both membas of the Pipestone 
Canyon Formation (Figure 31). Conversely, macroscopic chert clasts, concentrated in the 
Campbell Lake member where they becomes lithologically dominant near the top of the 
section, are largely missing in the Bonner Lake member. The source of the chert is 
equivocal. The cobble-to pebble-sized clasts are black, gray, green, or rarely white, sub­
rounded to well-rounded. No microfossils wctc recovered during this investigation, despite 
the examination of approximately 3 kg of Pipestone Canyon Formation chert pebbles.
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perhaps because of the high degree of recrystallization experienced by the clasts prior to 
Pipestone Canyon Formation dqjosition.
A. B.
Figure 31. Pipestone Canyon Formation chert-lithic arenite photomiCTographs. A.
Campbell Lake member chert arenite, 222JP96. B. Bonner Lake member 
chert arenite 325JP96. Both photos are at 20X, with x-polars.
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Locally, three potential sources for the Pipestone Canyon Formation chert clasts exist the 
Middle Jurassic to Mississippian Hozameen Group, the the Lowct Cretaceous Virginian 
Ridge Formation and the Upper Cretaceous Ventura member of the Midnight Peak 
Formation (Barksdale, 1975). Hozameen Group rocks include greenstone, ribbon chert, 
argillite, gabbro, and rare sandstone and limestone and constitute the remains of a late 
Paleozoic to early Mesozoic ocean floor. Hozameen rocks are exposed north and west of 
the study area in the vicinity of Ross Lake and north, in southern Brititsh Columbia (Figure 
2), where they are known as the Bridge River torane (Haugerud et al., 1996). The 
Hozameen Group does not appear to be the source of Pipestone Canyon Formation chert 
clasts because significant amounts (>5%) of greenstone, argillite, gabbro, sandstone or 
limestone are not present in the formation.
The Ventura member of the Midnight Peak Formation, a succession of non-marine, red 
mudstone, sandstone, and conglomCTate, contains abundant chert fragments. It occurs at 
the base of and interfingers with the andesitic flows of the Midnight Peak Formation. The 
Ventura member chert clasts are red, gray, light green, or occasionally white pebbles and 
granules mixed with gray and green andesite clasts in a hematite-cemented, sandstone 
matrix (Barksdale, 1975). Cobble-sized chat clasts are not observed within the Ventura 
member. It is significant that no red chat clasts wae identified in Pipestone Canyon 
Formation during this investigation.
The Virginian Ridge Formation is composed of shallow marine to fluvial siltstone, 
sandstone and conglomaate (Tennyson, 1974). Trexla (1985) divided the Virginian 
Ridge Formation into a fine-grained, sand-rich, eastern facies, the Slate Peak member, and 
a western, conglomerate-dominated unit, the Devil’s Pass memba, and collected 
paleocurrent measurements indicating west-to-east transport of sediments. The increase to 
the west in clast size and bed thickness strongly suggests a western source terrain for the
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Virginian Ridge Formation (Barksdale, 1975), an interpretation supported by Trexler’s 
(1985) contaition that the Virginian Ridge Formation deposition resulted from the Albian- 
aged uplift and dismemberment of the Bridge River-Hozameen terrane.
Virginian Ridge Formation conglomerate clasts are predominately black, gray, green, and 
white chert, from cobble to pebble size, with rare felsic-volcanic clasts, quartz, and 
mudstone intraclasts (Trexler, 1985). The chert arenites and lithic chert arenites are 
cemented with chlorite, carbonate, silica and seriate (Barksdale, 1975). At the top of the 
Virginian Ridge section, the chert-lithic arenite interfmgers with fluvial, feldspathic arenite 
of the Winthrop Formation (Figure 6) derived from the east
Interpretation
The Virginian Ridge Formation is the source of the Pipestone Canyon Formation chert 
This interpretation is based on:
• the similarity in color and clast size between Pipestone Canyon Formation chert
clasts and Virginian Ridge Formation’s Devil’s Pass member chert clasts contrasts 
with the red color prominent in the Midnight Peak Formation’s Ventura member’s 
chert clasts;
• the well-rounded shape of the Pipestone Canyon Formation’s chert clasts implies
long distance fluvial transport or the erosion and recycling of the clasts from a 
previously deposited conglomerate body, such as the Virginian Ridge Formation;
• the absence in the Pipestone Canyon Formation of greenstone, gabbro, argillite,
and limestone clasts, the presence of which would support sedimentation directly 
from the Hozameen /Bridge River terrane.
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The presence of Doe Mountain and Tiffany Mountain plutonic clasts in the Pipestone 
Canyon Formation constrains the location of source terrains for the formation’s other 
clastic constituents to the local (within 150 to 250 km) area. Source of the Pipestone 
Canyon Formation’s chert clasts is interpreted to be the Virginian Ridge Formation’s 
Devil’s Pass member whereas the chert-hthic arenite of the Pipestone Canyon Formation 
derives from the Devil’s Pass conglomerate matrix and interbeds, or from the chert-hthic 
arenite of the Virginian Ridge Formation’s Slate Peak member.
Basin Evolution
The initial development of the Pipestone Canyon Formation basin occurred as an 
extensional puU-apart at the step-ova' between en echelon, dextral, transcurrent faults, the 
Pasayten fault and the Methow River-Vinegar fault system. Interpretation as a puU-apart 
basin is supported by the basin’s small size (less than 30 square kilometers), the 
syndepositional rehef attested to by the presence of the boulder dominated conglomerate 
wedge at the base of the formation, and post-deposition dissection by transcurrent faulting 
(the Fuzzy Canyon fault) (Miall, 1990).
Initial faulting along the basin flanks produced the steep scarp against which the boulder 
conglomerate, wacke hthofacies, and cobble and pebble conglomerate hthofacies of the 
Campbell Lake member onlqjped. Local high relief resulted in large blocks of talus that 
were mobilized by debris flows to produce the boulder conglomerate. Basin subsidence 
slowed during the period of wacke hthofacies deposition and was reactivated during the 
early period of Bonner Lake member and Campbell Lake member cobble and pebble 
hthofacies deposition. Braided stream conglomerate deposition was replaced by pdjble 
conglomerate and pebble sandstone deposits as the regional topographic gradient was 
reduced and the Pipestone Canyon Formadon basin fihed with sediment Mking of the 80
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different lithologic constituents (Plate 2) occurred as the elastics were entrained and 
transported from their source terrains. The Pipestone Canyon Formation is characterized 
by ubiquitous chert-clastic arenite, and was deposited, successively, as proximal alluvial 
fan and braided-stream conglomerates and sandstones.
Post-deposition transcurrent faulting on the Fuzzy Canyon fault dissected the Pipestone 
Canyon Formation basin and produced the present juxtaposition of the Bonner Lake and 
Campbell Lake members (Plate 3). The concluding process within the basin occurred as 
Tertiary, east-west extension caused the development of west-dipping normal faults that 
rotated the Pipestone Canyon Formation strata to their current attitude, down-to-the- 
northeasL
Provenance Conclusions
The upsection change in proportion of the plutonic, volcanic, and chert fractions of the 
Pipestone Canyon Formation indicates three sources supplying, over time, varying 
amounts of clastic debris to the formation’s basin (Plate 2). Based of lithologic appearance 
and thin-section petrography, U-Pb age, and geochemical similarity, many of the plutonic 
clasts of the Pipestone Canyon Formation come from the Okanogan Range batholith. The 
volcanic portion of the formation, based on appearance and geochemistry, is interpreted to 
derive from the Pimanus Formation of the Spences Bridge arc. The chert clastic portion of 
the Pipestone Canyon Formation is likely the product of eroded and recycled Virginian 
Ridge Formation.
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TECTONIC IMPLICATIONS AND CONCLUSION
After 102 Ma and prior to 75 Ma, any large-scale, dextral movement on the Pasayten fault, 
postulated by the Baja BC accretion model, ceased and was replaced by dip-slip 
displacement (Haugerud et al., 1996), which produced the metamorphic gradient between 
the basement rock of the two Pipestone Canyon Formation members. The variably 
dissected Spences Bridge arc (Okanogan Range batholith and the Pimainus Formation) 
provided plutonic and volcanic rock to the Pipestone Canyon Formation, while uplift of 
the the west-derived, Virginian Ridge Formation furnished chert-rich clastic debris. 
Deposition occurred between 75 and 70 Ma.
The Pipestone Canyon Formation was deposited in a terrestrial basin that spanned the 
suture between the Intermontane and Insular blocks. The early basin was subjected to 
rapid subsidence and alluvial fan deposition, perhaps due to a transtensional or extensional 
tectonic regime. After a decrease of the initial subsidence rate, alluvial fan deposition was 
succeeded by braided stream deposits as the basin filled. Local, syndepositional, calk- 
aUcaline volcanism is recorded in each Pipestone Canyon Formation membCT. After 
deposition of the Pipestone Canyon Formation, renewed, probably Eocene extensional 
faulting rotated the formation’s beds down-to-the-northeast, along west- and southwest­
dipping normal faults. Post-deposition displacement on the Fuzzy Canyon fault of less than 
a few lO’s of kilometers juxtaposed the BonnCT Lake member and its Methow terrane 
basement against the Campbell Lake member on its Quesnellia basement
If the preceding assessment is accurate, amalgamation of the Insular and IntCTmontane 
superterranes had been accomplished by 75 Ma Intermontane superterrane plutonic and 
volcanic detritus, mixed with Methow-terrane-derived chert elastics, was deposited across 
sutured Quesnellia and Methow units by alluvial-fan and braided stream sedimentation.
80
probably between 75 and 70 Ma. This interpretation does not disallow large-scale, Baja 
British Columbia dextral translation on the Pasayten fault. However, it does constrain the 
timing of any large-scale movement to that period before 75 Ma, except for perhaps a few 
10s of kilometers in the post-70 Ma period.
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Appendix A
Pebble Counts and Point Counts 
Pebble count methodology
The distance of each pebble count above the base of the section, is given in meters in the 
pebble count heading. A 1.0 m by 0.6 m rectangle of plastic barrier mesh was attached to a 
suitable outcrop by duct tape. The intersections of the horizontal and vertical plastic strands, 
6.5 cm by 8.0 cm, were identified and marked, for a total of 162 separate intersection 
points. Where the marked intersections coincided with a clast larger than 0.5 cm., the clast 
was identified by lithology and size. Individual clasts smaller than 0.5 cm. were classified 
as matrix. A minimum of 300 clasts were identified for each pebble count. At the 
conclusion of each 162 counts, the mesh was moved along the exposure at the same 
stratigraphic level and affixed at a neighboring position. Lithologies and clast sizes are 
reported as totals and as percentages. The amount of matrix relative to the amount of clasts 
was computed by adding matrix counts with the total number of pebbles counted. The 
matrix count was then divided by the total count number (matrix+pebbles) and reported as 
a percent of outcrop.
94
Campbell Lake Member Pebble Counts
Measured Section 3298
P.C.#1 Section 1 m above base of 
3298 section
Clast 0.5-5 15-IS c 15-30 cm 30-100 cm > 1 Total Percent
Size cm cm m
Rock
Type
Chert 0 0 0 0 0 0 0
Plutonic 6 58 67 198 1 330 100
V olcanic 0 0 0 0 0 0 0
Other 0 0 0 0 0 0 0
Total 6 58 67 198 1 330
Matrix 150 31
Pebble Count #9. no m above base of section
Clast size 0.5-2 cm 2-5 cm 5-10 cm 10-15 cm Total Percent
Rock Type 
Chert 37 17 6 0 60 20%
Plutonic 0 2 0 0 2 1
V olcanic 139 83 14 3 239 78
Other 1 1 1 1 4 1
Total 177 103 21 4 305 100
Matrix 96 24
Pebble Count #15 202 m above section base
Clast Size 0.5-5 cm 5- 15 cm 15-30 cm >30 cm Total Percent
Rock Type 
Chert 99 36 12 0 147 37
Plutonic 39 54 14 0 107 27
Volcanic 66 62 4 0 132 33
Other 3 7 0 0 10 3
Total 207 159 30 0 396 100
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Matrix 289 42
Pebble Count # 8 232 m above base of section
Clast Size 0.5-2 cm 2-5 cm 5-10 cm 10-20 cm Total Percent
Rock Type 
Chert 145 62 16 7 230 63
Plutonic 2 3 24 11 40 11
V olcanic 23 22 34 13 92 25
Other 4 0 0 0 4 1
Total 174 87 74 31 366 100
Matrix 125 26
Pebble Count # 3 299 m above
base of section
Clast Size 0.5-3 3-6 cm 6-15 cm 15-30 cm Total Percent
cm
Rock Type
Chert 128 48 18 3 197 63%
Plutonic 2 17 26 13 58 19
V olcanic 2 29 22 1 54 17
Other 0 0 1 1 2 0.6
Total 132 94 67 18 311 99.6
Matrix 224 42
Pebble Count # 4 344 m above base of 
section
Clast Size 0.5-3 cm 3-6 cm 6-■15 cm 15-30cm Total Percent
Rock Type 
Chert 129 84 11 0 224 70%
Plutonic 1 7 3 0 11 3
V olcanic 24 49 6 0 79 25
Other 1 4 2 0 7 2
Total 155 144 22 0 321 100
Matrix 155 33
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Pebble Count it 5 438 m above 
base of section
Clast Size 0.5-2 cm 2-5 cm 5-10 cm 10-20 cm Total Percent
Rock Type
Chert 180 26 7 9 222 66%
Plutonic 2 4 0 0 6 2
V olcanic 73 32 2 0 107 32
Other 0 0 0 0 0 0
Total 255 62 9 9 335 100
Matrix 179 33
Measured Section 3355
Pebble Count it 6 21 m above base of section
Clast Size 0.5-5 cm 5-15 cm 15-30 cm .3-1 m Total Percent
Rock Type
Chert 1 0 0 0 1 1
Plutonic 2 39 221 63 325 99
V olcanic 0 0 0 0 0 0
Other 0 0 0 0 0 0
Total 3 39 221 63 326 100
Matrix 216 40
Pebble Count #10 92 m above base of section
Clast Size 0.5-2 cm 2-5 cm 5-TO cm 10-15 cm 15-20 cm Total Percent
Rock Type
Chert 85 76 35 5 0 201 60
Plutonic 2 14 13 5 1 35 10
Volcanic 11 ,23 21 2 3 60 18
Other 14 15 9 1 1 40 12
Total 112 128 78 13 5 336 100
Matrix 247 42
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Pebble Count # 7 235 m above base of section
Clast Size 0.5-5 cm 5-10 cm 10-15 cm 15-20 cm Total Percent
Rock Type 
Chert 140 17 5 1 163 51
Plutonic 7 17 9 1 34 11
V olcanic 73 34 11 3 121 38
Other 0 0 0 0 0 0




Pebble Count #12 12 m above base of section 
Clast Size 0.5-5 cm 5-15 cm 15-30 cm 30-60 cm Total Percent
Rock Type
Chert 0 0 0 0 0 0%
Plutonic 0 35 90 62 187 50
V olcanic 20 56 44 60 180 49
Other 3 1 0 0 4 1
Total 23 92 134 122 371 100
Matrix 223 38
Pebble Count # 14 70 m above base of section
Clast Size 0.5-5 cm 5-15 cm 15-30 cm 30-60 cm 0.6-1 m Total Percent
Rock Type
Chert 10 0 0 0 0 10 3%
Plutonic 15 48 40 81 36 220 70
V olcanic 26 29 28 0 0 83 27
Other 0 0 0 0 0 0 0
Total 51 77 68 81 36 313 100
Matrix 253 45
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Pebble Count #13 121 m above base of section
Clast Size 0.5-5 cm 5-15 cm 15-30 cm 30-60 cm 0.6-1 m Total Percent
Rock Type 
Chert 7 0 0 0 0 7 2
Plutonic 11 87 77 73 17 265 74
V olcanic 20 43 13 0 0 76 21
Other 0 0 8 0 0 8 2
Total 38 130 98 73 17 356 100
Matrix 260 42
Road Section
Pebble Count #11 24 m above base of section
Clast Size 0.5-5 cm 5-15 cm 15-30 cm 30-60 cm Total Percent
Rock Type
Chert 0 0 0 0 0 0
Plutonic 6 47 38 34 125 38
V olcanic 35 97 54 14 200 61
Other 1 4 0 0 5 1
Total 42 148 92 48 330 100
Matrix 167 34
Pipestone Canyon Formation Thin-Section Point Counts
Thin sections cut from Pipestone Canyon Formation sandstone exposures were examined 
with a binocular microscope. Point counting was accomplished using an E. Leitz #40 
point-count stage. An increment of 0.5 mm was used to advance the slide for a minimum 
of 300 points per slide. Minerals identified include monocrystalline quartz, polycrystalline 
quartz, chert, feldspar (plagioclase and K-spar counted together), biotite, hornblende.
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volcanic lithic fragments, shale, opaques, and matrix. Poly quartz and chert were 
differentiated by size and appearance.
Campbell Lake Member
Section 3298
17JP95 Boulder conglomerate matrix sand, 1 m.
Count Per Cent




Poly Qtz. 62 21
Volcanic frags 8 3
Lithic frags 14 5
Matrix 31 10
Total 298 100%
125JP96 Boulder conglomerate matrix, 5 m.




Poly Qtz. 81 27
Volcanic frags 3 1














Poly Qtz. 29 10
Volcanic frags 1 0.3











Poly Qtz. 3 1
Volcanic frags 19 6




31JP95 Pebble conglomerate matrix, 286 m.




Poly Qtz. 1 0.3
Volcanic frags 5 2























42JP95 Fine grained sandstone, 321
m.




Poly Qtz. 0 0
Volcanic frags 18 6




177JP96 5364.2 N, 715.^




Poly Qtz. 11 3








350JP97 East of Bonner Lake, 5364.2 N, 715.4 E.
Chert arenite




Poly Qtz. 52 17






362JP97 East of Bonner




Poly Qtz 33 11







Geochemistry was performed at the UnivCTsity of Wisconsin- Eau Claire Department of 
Geologyis Geochemical Laboratory, using X-Ray Fluorescence Analytical Procedure.
Sample Preparation:
Samples selected for whole rock analysis ideally consist of greater than 1kg unaltered rock 
to ensure the rock being analyzed is representative of the unit being examined. Smallo" 
rock samples may be used if necessary, provided the sample is homogeneous and 
representative of the unit under investigation. Deeply weathered samples are avoided.
Large rock samples are reduced to fragments <8 cm diameter with a rock hammer and 
cement pedestal. These fragments are reduced to gravel-sized (< 1 cm diameter) chips in a 
BICO Chipmunk hardened steel jaw crusher. Approximately 200-400 grams of rock 
chips are hand-picked to eliminate weathered surfaces, mineralized zones or fracture 
finings. Rock chips are milled for approximately 2 minutes in a BICO shatterbox utilizing 
a tungsten carbide grinding mill. Rock powder is ground to at least 200 mesh.
Major Elements:
Major elements are analyzed using a fused pellet technique. Rock powder is mixed at a 
1:10 ratio with lithium tetraborate (B4Ii2O7)(0.8 grams rock powder in 8 grams of 
lithium tetraborate), and thoroughly mixed in 250 ml plastic vial. Rock/flux mixture is 
fused at 1000°° C for 5 minutes once the oven has reheated to 1000° C. Glass beads are 
polished to a smooth surface with 600 mesh silicon carbide followed by Grade 6 Dupont 
Diamond Compound. Glass beads are analyzed for Si02, A1203, Fe203, MgO, CaO,
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Na20, K20, Ti02, and P205 on a SIEMENS SRS3000 high precision, wavelength 
dispersive, sequential X-ray fluorescence spectrometer, in the Geochemistry Laboratory in 
the Department of Geology. The concentrations of these compounds are determined by 
comparison of the X-Ray intensity of each element with calibration curves developed using 
eight (8) U.S. Geological Survey international standards (AGV-1, W-2, BIR-1, STM-1, 
QLO-1, RGM-1, SDC-1, BHVO-1), three Energy, Mines and Resources Canada Minerals 
Research Program (CANMET) international standards (SY-3, SY-4, MRG-1), and four 
(4) University of British Columbia Mineral Deposit Research Unit (MDRU) standards
(ALB-1, MBX-1, WP-1, P-1). Analytical accuracy is determined by comparative analysis 
of intoTiational standards; analytical precision is determined by replicate analyses.
Trace Elements:
Trace elements are analyzed by a pressed pellet technique. Rock powder is mixed with a 
binding agent (Spectroblend) with a rock:binder ratio of 10:1 (4.0 grams of rock 
powder:0.4 grams binder). Pellets are pressed with a boric acid backing in a tungsten 
carbide die set in a 25 ton hydraulic press (Carver, Inc.).
Pressed pellets are analyzed for Ba, Ce, Co, Cu, Cr, Hf, La, Mn, Nb, Nd, Ni, Pb, Rb, Sc, 
Sr, Th, V, Y, Zn, Zr on a SIEMENS SRS3000 X-ray fluorscence spectromener in the 
Geochemistry Laboratory in the Department of Geology. The concentrations of these 
compounds are determined by comparison of the X-Ray intensity of each element with 
calibration curves developed using eight (8) U.S. Geological Survey international standards 
(AGV-1, W-2, BIR-1, STM-1, QLO-1, RGM-1, SDC-1, BHVO-1), three (3) Energy, 
Mines and Resources Canada Minerals Research Program (CANMET) international 
standards (SY-3, SY-4, MRG-1), and four (4) University of British Columbia Mineral
105
Dq)osit Research Unit (MDRU) standards (ALB-1, MBX-1, WP-1, P-1). Analytical 
accuracy is determined by comparative analysis of international standards and 
interlaboratory comparison of known samples; analytical accuracy is estimate 5%. 
Analytical precision is determined by replicate analyses of international standards.
Loss on Ignition:
The volatile content (LOI) of each sample is determined using a separate aliquot of rock 
powder from the same vial of rock powder used in major and trace element analysis. A 
1.0 gram portion of the rock powder is ignited in a tared porcelain crucible at 925° C for 45 
minutes. The crucible is then cooled in a dessicator and weighed. The weight loss is then 
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SAMPLE LOI
Basal Fanglomerate - Carolyn Canyon
63JP95























Trondhjemite of Eight Mile Creek 
174JP96
Trondhjemite of Tiffany Mountain 
175JP96 
176JP96








































0.70 Chert of Kobau Formation
0.45 301JP96 0.55
1.26 Chert: Pipestone Canyon
302JP96 1.52



















U-Pb Geochronology of rocks from the Pipestone Canyon formation
The following report outlines U-Pb systematics and age interpretations for four 
samples submitted to the UBC Geochronology Laboratory during 1995 and 1996. 
Analytical data are Usted in Table 1, and plotted on concordia diagrams.
Analytical Techniques and Data Interpretation
Zircon was separated from ~25 kg samples using conventional crushing, grinding, 
and Wilfley table techniques, followed by final concentration using heavy hquids and 
magnetic separations. Mineral fractions for analysis were selected based on grain 
morphology, quality, size and magnetic susceptibility. All zircon fractions wae 
abraded prior to dissolution to minimize the effects of post-crystallization Pb-loss, 
using the technique of Krogh (1982). All geochemical separations and mass 
spectrometry were done in the Geochronology Laboratory at the University of British 
Columbia. Samples were dissolved in concentrated HF and HNO3 in the presence of a
mbced 233-235u_205p^j Separation and purification of Pb and U employed ion
exchange column techniques modified slightly from those described by Parrish et al. 
(1987). Pb and U were eluted separately and loaded together on a single Re filament 
using a phosphoric acid-silica gel emitter. Isotopic ratios were measured using a 
modified single collector VG-54R thermal ionization mass spectrometer equipped with 
a Daly photomultiplier. Most measurements were done in peak-switching mode on the 
Daly detector. U and Pb analytical blanks wereintherangeof0.5-1.0pgand3-10pg.
117
respectively, during the course of this study. U fractionation was determined directly
on individual runs using the 233-235^ jj-^cer, and Pb isotopic ratios were corrected for 
a fractionation of 0.0010 to 0.0012/amu and 0.0035 to 0.0043/amu for Faraday and 
Daly collector runs, respectively, based on replicate analyses of the NBS-981 Pb 
standard and the values recommended by Todt et al. (1984). All analytical errors were 
numerically propagated through the entire age calculation using the technique of 
Roddick (1987). Analytical data are reported in Tables 1. Concordia intercept ages and 
associated errors were calculated using a modified version the the York-n regression 
model (wherein the York-II errors are multiplied by the MSWD) and the algorithm of 
Ludwig (1980). AH errors are quoted at the 2s level. Age assignmaits follow the time 
scale of Harland et al. (1990).
TABLE 1. U-Pb ANALYTICAL DATA








Pg % 206pb/238u 207pb/235
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D mj^5,p 0.10 285 5 3267 10 6.7 0.01686 0.1129 0.04857 107.8 127.0
8 (0.16) (0.25) (0.18) (0.3) (8.5)
E 0.12 243 4 7246 4 6.5 0.01763 0.1183 0.04867 112.7 132.1
cc,N5,p,e 0 (0.11) (0.17) (0.10) (0.2) (4.6)
F 0.08 296 5 6720 4 10.8 0.01806 0.1209 0.04855 115.4 126.4
cc,N5,p,e 9 (0.10) (0.17) (0.09) (0.2) (4.2)
162JP96
A ccj^2,p 0.04 228 4 342 29 15.5 0.01587 0.1051 0.04805 101.5 102
1 (0.15) (0.63) (0.54) (0.3) (25./26)
B c,N2,p 0.05 329 5 1032 18 13.6 0.01583 0.1048 0.04802 101.2 100 (12)
5 (0.10) (0.31) (0.25) (0.2)
C 0.10 283 5 1544 20 11.7 0.01592 0.1054 0.04803 101.8 100.8
m^N2,p,s 8 (0.08) (0.26) (0.20) (0.2) (9.6)
D 0.09 237 4 1294 17 12.6 0.01606 0.1064 0.04805 102.7 101.6
m,N2,p,t 0 (0.10) (0.26) (0.21) (0.2) (9.7)
E f,N2,p 0.07 280 5 944 22 13.1 0.01559 0.1034 0.04812 99.7 (0.2) 105 (12)
3 (0.12) (0.32) (0.25)
161JP%
A ccJ42,p 0.05 182 3 1327 8 5.8 0.01722 0.1146 0.04825 110.1 111.8
6 (0.09) (0.27) (0.21) (0.2) (9.8)
B c,N2,p 0.05 255 5 1835 8 9.1 0.01784 0.1191 0.04840 114.0 118.9
4 (0.11) (0.24) (0.18) (0.3) (8.6)
C cj^2,p 0.08 253 5 1477 19 8.5 0.02141 0.1450 0.04913 136.6 154.0
0 (0.11) (0.23) (0.15) (0.3) (7.2)
E 0.06 285 5 3362 6 7.5 0.01815 0.1212 0.04843 115.9 120.5
m,N2,p,s 3 (0.10) (0.20) (0.13) (0.2) (6.1)
F 0.07 285 5 3760 6 7.6 0.01800 0.1204 0.04850 115.0 123.8
m,N2,p,e 5 (0.09) (0.18) (0.12) (0.2) (5.7)
Notes: Analytical techniques are listed in Mortensen et al. (1995).
^ Upper case letter = fraction identifier, All zircon fractions air abraded; Grain size, intermediate 
dimension: cc=>149mm; c=<149mm and >134mm; m=<134mm and >104mm; f=<104mm and >74mm; 
f=<74 mm. Magnetic codes:Franz magnetic sq)arator sideslope at which grains are nonmagnetic (N) or 
Magnetic (M); e.g., Nl=nonmagnetic at 1”; Field strength for all fractions =1.8A; Front slope for all 
fractions=20°; Grain character codes: b= broken fragments, e=elongate, eq=equant, p=prismatic, 
s=stubby, t=tabular, ti=tips.
^ U blank correction of Ipg ± 20%; U fractionation corrections were measured for each run with a 
double spike (about 0.004/amu).
^Radiogenic Pb
“^Measured ratio corrected for spike and Pb fractionation of 0.0035/amu to 0.0043/amu (± 20%; Daly 
collector) and 0.0010/amu to 0.0012 (± 7%; Faraday collector) and laboratory blank Pb of 3-lOpg ±
20%. Laboratory blank Pb concentrations and isotopic compositions based on total procedural blanks 
analysed throughout the duration of this study.
^otal common Pb in analysis based on blank isotopic composition 
Radiogenic Pb
^Corrected for blank Pb, U and common Pb. Common Pb corrections based on Stacey Kramers model 




This felsic tuff was sampled in an attempt to determine the age of the volcanic 
component of the Pipestone Canyon formation. Subsequent detailed petrographic 
work confirming the presence of abundant angular feldspar clasts indicates that the rock 
has been reworked and contains a significant proportion of locally derived detrital 
material. Abundant, high quality zircon recovered is euhedral, clear, colourless to pale 
pink with morphologies that vary from elongate to stubby prismatic and equant 
multifaceted. Ubiquitous euhedral zircon morphologies and the results of seven 
multigrain analyses are both consistent with the suggestion that detrital components 
were locally derived. Concordant fractions G and H give ages of about 108 Ma and 
104 Ma, respectively, which is consistent with a local Okanagon batholith provenance. 
Fraction H also provides the maximum age for sedimentation. Somewhat older, 
slightly discordant fractions A, B and C may be of Okanagon age with minor 
inheritance, or of broadly Jura-Cretaceous age with minor Pb loss. Highly discordant 
fraction D must contain a significant component of older inherited zircon.
32JP95
This felsic volcaniclastic rock was also sampled in order to determine the age of the 
tuffaceous component of the Pipestone Canyon formation. Abundant, high quality 
zircon recovered are euhedral, clear, pale pink in colour, and are mostly of stubby to 
elongate prismatic morphology. Cores were observed in some grains, but these were 
avoided. As suggested for sample 1JP95, zircon morphologies are consistent with 
local provenance. Six multigrain fractions were analysed, the youngest of which (C) is 
concordant at about 107 Ma. This provides a maximum age for sedimentation and is
120
consistent with a local Okanagon batholith provenance. Fractions B-F also give Early 
Cretaceous Pb/U ages but are slightly discordant It is likely that they were derived 
from a source with an age similar to that of fraction C, but contain minor inheritance. 
However, we cannot rule out that the discordance of these fractions is due to Pb loss, 
which would indicate slightly older Early Cretaceous source ages.
162JP96
This rhyolitic boulder from a conglomerate near the base of the Bonner Lake member of 
the Pipestone Canyon Formation was sampled to determine the maximum age of 
sedimentation and the age of the unit from which it was sourced. Zircon is of good 
quality, clear, pale tan in colour, with fractures parallel to the c-axis. No cores or zoning 
were observed. Four out of five single and multigrain analyses are concordant and cluster 
between about 101 Ma and 103 Ma. Fraction E is interpreted to have undergone minor Pb 
loss. The best estimate for the age of the rock is 102.0±1.0 Ma, based on concordant 
fractions A-D. This age is consistent with that of the Spaices Bridge Group, which is a 
geologically reasonable source unit
161JP96
This granitoid boulder is from the boulder conglomerate at the base of the Campbell Lake 
membCT of the Pipestone Canyon formation. Zircon is of good quality, clear, pale pink, 
and is of stubby to elongate prismatic morphology. Five single and multigrain analyses 
define a linear array. The lower intercept of a regression line fit to the data is 108.2+4.0/- 
6.6 Ma (M.S.W.D.=0.5), considered as a consevative estimate for the age of this rock.
Single grain analysis A is concordant with a age of 110.1 ±0.2 Ma, which is
squarely within the error envelope of the the lower intercept age. An upper intercept age of
121
about 216±40 Ma is considered as an average age of the inherited zircon in the analysed 
fractions. The interpreted age of this boulder is consistent with that of the Okanagon 
batholith.
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